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ABSTRACT, 


The chemical elements are each represented by one or more specific 
isotopes, i.e., species of elements. The percent abundances of the stable 
isotopes, determined from specimens of various occurrences in nature, 
are fairly constant especially for the heavier elements. There is, how- 
ever, a noticeable and measurable difference in the abundances of the 
stable isotopes of the lighter elements detected in specimens from different 
environments. These variationsin abundances have, in the past, and will 
continue to provide, in the future, important information on geologic 
processes, and provide further insight into the genesis of rocks, ores, and 
minerals. 


INTRODUCTION, 


THE economic geologist’s understanding and knowledge of the formation 
of mineral deposits has been acquired through exceedingly careful observa- 
tions that have led to hypotheses based upon both the ability to synthesize 
observations, and a fundamental knowledge of geology and other basic 
sciences. New facts will continue to be uncovered in this manner of scien- 
tific research. 

Recently, the importance of the role of isotopic abundances has been 
shown by several investigators (1, 2, 3, 4) to be rather significant as an aid 
in furthering the understanding of the genesis of minerals. It seems possible 
that geology may be entering a new era, an isotope era, during which time 
the mass spectrograph will, of course, not replace, but augment the chemical 
spectrograph. In other words, interest in the variations in chemical com- 
position of ore and rock specimens will continue, but further information on 
the genesis of minerals, rocks, and ores may be gained from studies of the 
variations of the abundance ratios of the stable isotopes within these natu- 
rally occurring products. A brief review, therefore, of the subject of isotopic 
abundances with its application to geology, economic geology in particular, 
seems warranted in order to stress the advances that have been and which 
may be acquired from knowledge gained through investigations within this 
nuclear field. 
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BASIC CONCEPTS AND DEFINITIONS. 


At the present time, about 98 elements have been identified. Each 
element, of course, is represented by one or more isotopes and there are now 
known over 1,000 isotopes. This number has increased by leaps and bounds 
during the past score years through the discovery of new stable isotopes, but 
primarily, through the ability of nuclear scientists to produce new radio- 
active species. This is accomplished by bombardment of existing isotopes 
with suitable particles, such as neutrons, protons, electrons, and deuterons. 
There are now recognized about 280 stable isotopes, 40 or so naturally 
occurring radioactive species, and close to 700 artificially produced isotopes. 

The probable structure of the atom, according to the nuclear student’s 
concept, is that it is composed of a nucleus surrounded by orbital electrons. 
The atoms are essentially spheroidal in shape varying in diameter from about 
one Angstrém unit for the lighter elements to several Angstrém units for the 
heavier atoms. The smaller are somewhat more rigid than the larger, rather 
mushy, heavier atoms. The extremely dense nucleus, which contributes 
over 99.9 percent of the weight of the atom, has a diameter that varies from 
about 1/10,000 to 1/100,000 of the diameter of the atom. 

The two main components of the nucleus, often referred to as nucleons, 
are first, protons, which have a unit positive charge equal to that of an 
electron (4.80 & 10-!° e.s.u.); and second, neutrons, which have electric 
neutrality. Thus, coulombic attraction cannot account for the bonding of 
these nuclear particles. Instead, they may possibly be bound by an ex- 
change force; i.e., a force derived from the continuous exchange of mesons 
between the nucleons. 

It is further thought that a neutron may be composed of a closely bound 
proton and an electron (plus a neutrino). This would explain the electric 
neutrality of a neutron and also assist in understanding the mass relation- 
ships of nucleons; i.e., both protons and neutrons have essentially the same 
mass, approximately unity, although the neutron has a slightly higher mass, 
which can be explained partially by the presence of the electron that has 
about 1/1,900 of the mass of a proton. 

Each element has a given and equal number of protons and orbital 
electrons in order to have electrostatic balance, however, different atomic 
species (isotopes) of the same element vary, within limits, in the number of 
neutrons associated with the atom and thus vary in mass. These different 
atomic species of an element are known as isotopes (from ‘‘same-place”’ in the 
periodic system).' 

A specific nuclide of an element is represented by the unique chemical 
symbol with the addition of a subscript at the lower left and a superscript at 
the upper right of the symbol. The subscript to the left is the atomic num- 
ber (Z) of the specific isotope, determined by its number of protons, while 


1A more precise word, nuclide, has been proposed by T. B. Kohman (5) and defined as ‘‘a 
species of atom characterized by the constitution of its nucleus, in particular by the number of 
protons and neutrons in its nucleus."’ An isotope is, therefore, one of two or more nuclides of the 
same atomic number; e.g., there is only one stable species of fluorine. This is, therefore, the stable 
nuclide (not isotope) of fluorine. 
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the superscript represents the mass number (A), or the total number of 
nucleons [Protons (Z) plus neutrons (N)]; i... A = Z+ N. The stable 
isotopes of carbon, for instance, would be represented as follows: sC” and 
eC. The subscript is usually omitted since the unique chemical symbol 
identifies the atomic number. 

Isotopes are either stable or radioactive. The radioactive species tend 
to transform, through a definite decay series into other isotopic species until 
they finally reach a stable form. This transformation, or decay, occurs at a 
constant rate for any given radioactive nuclide. The naturally occurring 
radioactive species and their daughters are, needless to say, of immense 
importance as geologic clocks, and they are, of course, gradually diminishing 
in number owing to their decay to the stable species of elements. This 
paper, however, pertains only to the stable nuclides. 

The chemical properties of an element apparently depend upon the 
number and configuration of the orbital electrons, especially the electronic 
configuration of the outer shell. Thus, the stable nuclides of a given element 
behave alike chemically and since their cosmic abundances were determined 
during or soon after the origin of the solar system, one might expect them to 
be found together in a relatively constant ratio, regardless of the geologic 
occurrence or age of the specimen. 

The early chemists determined the weight of a natural isotopic mixture 
of oxygen and assigned to it the atomic weight of 16.0000. The atomic 
weight of the other elements was based relatively upon this standard. With 
improvements, however, in the analytical methods, it was noticed that the 
weight of a given element, determined from specimens of different occurrence 
seemed to differ slightly. At first, it was thought that this merely repre- 
sented experimental error but it was soon realized that some other explana- 
tion must be made. The suggestion was offered that variations in atomic 
weight might be due to different isotopic mixtures, or slight variations in the 
percentage of the respective isotopes present in a given element. Since the 
isotopes differ in mass, a variation in their proportions would, of course, 
change the mass of the element. The use of the mass spectrometer (an 
instrument which, to generalize, separates the atomic species from a sample 
according to their mass and records their abundance) has, indeed, shown this 
variation in isotopic ratios to be the case.2, The approximate abundance of 
the stable nuclides of the lighter elements are shown in Figure 1. 

This immediately leads to the question: Why and how do these varia- 

2 The chemist has retained the original standard of an isotopic mixture of atmospheric oxygen 
assigned the postulated atomic weight of 16.0000, while the physicist has assigned the weight of 
16.0000 to only the O'* nuclide. ‘‘Normal’’ atmospheric oxygen has essentially the following 
isotopic mixture: 

99.76% of O'* with a mass of 16.0000 


0.04% of O' with a mass of 17.0045 
0.20% of O'8 with a mass of 18.0049 


weighted mean mass = 16.0044 





The conversion factor needed, therefore, to convert from the physical atomic weight scale to 
the chemical atomic weight scale is 
16.0044 


16.0000 





= 1.00027, 
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tions in stable isotopic abundances take place? In answer to the why, it 
has already been noted that the isotopes of a given element do undergo the 
same chemical reactions, but, since they differ in mass, their specific rates of 
reaction are not equal. Generally, the lighter isotope(s) of a given element 
will move or react more rapidly than a heavier species and, the greater the 
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Fic. 1. Approximate abundances of stable isotopes of some lighter elements. 


difference in mass, the more pronounced will be the results of the differential 
in the reaction rate. With reference to the how, the concentration, or 
separation of isotopes, has been accomplished by various isotopic exchange 
processes; viz., gaseous diffusion, thermal diffusion, chemical exchange, 
distillation, electrolytic, and other methods where the ions or molecules are 
relatively mobile and the differences in the specific rates of reaction can be 
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employed to give a selective separation of the ions according to their thermo- 
dynamic properties. 

Since scientists, therefore, can now accomplish the separation of the 
isotopes of any element, the geologist, neglecting the factor of natural 
mixing, should certainly expect measurable differences in abundance ratios 
to take place during geologic time under the influence of natural processes. 

In order to examine the geologic significance of this subject, consider the 
following results that have been obtained to date, and the suggestions of 
further investigations applied to the study of stable isotopic variations. 


THE LIGHTER ELEMENTS AND THEIR STABLE ISOTOPES. 


Hydrogen.—It seems logical to expect significant variations in the abun- 
dance of the two stable hydrogen isotopes, since deuterium (H?*) has a mass 
almost double that of ordinary hydrogen. Significantly, as a result of this 
mass difference, heavy water (H2’O or D,O), has a slightly lower vapor 
pressure (6) at a given temperature than ordinary water (H,'O),’ and as a 
result, heavy water can be concentrated through evaporation. The rate of 
concentration is apparently more rapid when evaporation takes place at a 
temperature near the boiling point of water. Allowing greatly extended 
time, however, evaporation at even low (room) temperatures results in 
significant separation of heavy water and ordinary water (8). It does, 
therefore, seem possible that glacier ice may be enriched in deuterium during 
the transformation of snow to névé. This change takes place partially 
through sublimation with the result that ordinary water would be lost to the 
atmosphere during evaporation more easily than heavy water, resulting in 
the gradual enrichment of the heavier stable isotope of hydrogen within the 
névé and ice. During a period of numerous seasons of relatively warm 
weather, the process may be of sufficient importance to form residual mineral 
deposits of deuterium, the economic isotope occurring, of course, within the 
mineral ice. 

One might also expect a concentration of deuterium in the Great Salt 
Lake and playas of the Southwest. Indeed, it has been shown that distilled 
water from the Dead Sea, Palestine, is more dense than pure fresh water (9). 
Furthermore, the water of hydration within borax is also somewhat more 
dense than distilled laboratory water (9). Possibly, rock formations of very 
low permeability that retain unaltered syngenetic minerals, or better still, 
retain some connate water, might be analyzed for oxygen and hydrogen 
isotope abundances with the possibility of distinguishing between marine and 
non-marine formations. 

The question of the amount of primary water in geysers and hot springs 
might be answered through a study of the change in isotopic abundances of 
hydrogen, oxygen, or various other elements in the geysers or hot spring 
waters, compared to the isotopic abundances in ground water collected in the 
immediate vicinity. Conclusions pertaining to this problem have been 

3 Although the influence of the oxygen isotopes is neglected, they are of great importance (7), 


since one might note that the molecular weight of water will vary from about 18 (H2'O"*) to as 
high as 22 (D2*O"*) with, of course, many intermediate combinations. 
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based usually upon a priori reasoning, but certainly a method based upon 
determining the change in concentration of stable isotopes should provide 
much more conclusive data. 

Helium.—Helium also is composed of two stable isotopes, however, the 
lighter nuclide (He*) is exceedingly rare, forming about 10~ to 10-* percent 
of ordinary helium gas (10). This lighter isotope does, however, show a 
considerable variation in its abundance. Aldrich and Nier (11) have ana- 
lyzed several naturally occurring sources and their results are compiled in 
Figure 2. It is of interest to note that no He® could be detected in the radio- 
active minerals (the upper limits given in Table 1 are dependent upon the 
amplifier noise level at the time the determinations were made), but the 
pegmatite minerals show an appreciable variation. The gas well samples 
also contain a variable ratio of the two isotopes. 

Many explanations have been offered to explain the origin and large 
variations in abundance of the rare He® nuclide (10). Neglecting primordial 
origin of He’, the suggestions are basically two in number: first, He* is formed 
by neutron bombardment through cosmic rays as the source and/or, second, 
it is formed in the lithosphere through neutron bombardment but radio- 
active inclusions in igneous rocks, rather than cosmic rays, are the source. 

An example of the latter suggestion, apropos of the high He*/He? ratio 
reported for the spodumene mineral, is the production of tritium (H*) 
through neutron bombardment of Li® [Li®(n,a)H*], the neutron source being 
naturally occurring radioactive nuclides. Tritium is radioactive, with a 
half life of about 12.5 years, and decays to form He* [H*(8-)He*]. This 
would seem to indicate, neglecting primordial origin of He’*, that the spod- 
umene specimen (Table 1) from the Edison Pegmatite Mine may have 
been near radioactive minerals. 


TABLE 1. 
ABUNDANCE RATIOS OF He*/He'*.* (FROM ALDRICH AND NIER.) 


Abundance ratio 


Source (He?/He) xX 10 
Radioactive minerals 
Blomstrandine (Hittero, Norway) <0.2 
Pitchblende (Great Bear Lake, N.W.T., Canada) <0.3 
Monazite (Bahai, Brazil) <0.2 
Monazite (Raode, Norway) <0.2 
Uraninite (Joachimsthal, Czechoslovakia) <0.3 
Non-radioactive minerals 
Beryl (Lemnas, Kimito, Finland) 0.5 
Beryl (Keystone, South Dakota) 1.2 
Beryl (Jokkmokk Parish, Lapland, Sweden) 1.8 
Beryl (Audabon, Maine) 3.0 
Beryl (West Rumney, New Hampshire) 12.0 
Spodumene (Cat Lake, Manitoba, Canada) 24.0 
Spodumene (Edison Mine, South Dakota) 120.0 
Gas 
Natural gas well (Rattlesnake well, New Mexico) 0.5 
Natural gas well (Cliffside well, Amarillo, Texas) 1.5 
Natural gas well (Amerada State well, Lea County, New Mexico) 3.0 
Natural gas well (Gulf Oil, W. Grimes well, Lea County, New Mexico) 5.0 


Atmosphere (Stamford, Conn.) 12.0 
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Incidentally, since organic marine shales seem to have a somewhat 
higher radioactive content than other shale formations, and since helium 
emanations are not uncommon near some gas and oil fields, possibly positive 
helium anomalies detected in the mantle or bedrock near the surface of the 
earth may indicate petroleum at depth. 

Lithium.—The heavier isotope of lithium (Li’) is about 12.3 times more 
abundant than the lighter (Li®) species. Studies on variations of this ratio 
are meager although Brewer and Baudisch (12) have determined the ratio 
from samples of mineral water and Cryptozoon collected at Saratoga, N. Y. 
The results are of some significance when compared to the potassium isotopic 
ratios and, therefore, will be dealt with in that section. A study, however, 
of isotope fractionation of these two nuclides, which commonly occur in some 
late crystallizing minerals, might be well worth while in order to shed in- 
formation on the progressive crystallization and fractionation of a stock and 
its associated dikes and pegmatites. 

Boron.—The B"/B" ratios of several boron samples from natural sources 
have been reported by Thode et al. (13). Table 2 is a partial list of the 


TABLE 2. 
ABUNDANCE RATIOs OF B"/B!® (FROM THODE, MACNAMARA ET. AL.) 


Mass spec 


trometer ratio 

Mineral and (source) Boric acid prepared by Bu/ Br 
Kernite (Boron, Calif.) Pac. Coast Borax Co. 4.322 + 0.004 
Borax brine (Searles Lake, Calif.) Am. Potash and Chemical Corp. 4.370 + 0.005 
Ulexite (Tres Morros, Argentina) Borax Consolitaded, London, Eng. 4.270 + 0.001 
Tincal (Hot springs of Tibet) Borax Consolidated, London, Eng. 4.326 + 0.004 
Stassfurtite (Stassfurt, Germany) Borax Consolidated, London, Eng. 4.422 + 0.004 


Boric acid vapors (Tuscany, Italy) Borax Consolidated, London, Eng. (1) 4.416 + 0.004 
(2) 4.411 + 0,003 


results of their investigation. The samples are all the result of evaporation 
of surface waters with the exception of the Tuscany vapor sample; however, 
the authors state that they hope to include tourmaline in their further 
investigations, which should provide interesting genetic conclusions because 
of the varied occurrence of this mineral, especially because of its frequent 
occurrence as a late pegmatite and contact-metamorphic mineral. Perhaps 
dumortierite should also be included. 

Carbon.—The geologist is more cognizant of the significance of variations 
in the ratio of the two stable carbon isotopes. This is due primarily to the 
fact that more than a dozen years ago it was determined that carbon from 
plant sources could often be distinguished from inorganic carbon since plants 
favor the lighter C™ isotope, which of course results in a relatively higher 
C®/C* ratio. It has, therefore, been possible to determine if graphite, more 
commonly Precambrian graphite, represents organic carbon; e.g., Rankama 
(14) has shown, through carbon ratios, that the Late Archean fossil, Cory- 
cium enigmaticum Sederhom is probably the oldest valid fossil. 

The C®/C ratios of calcium carbonate and limestone indicate a prefer- 
ence for C™ and, of course, the ratio is therefore relatively lower. This 
enrichment in C® is due to the fact that in the reversible reaction between 
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carbonic acid ions and carbon dioxide, at equilibrium, the CO, becomes 
slightly enriched in C*. 

A study (15), significant to the economic geologist, of the carbon ratios of 
eleven carbonate minerals, consisting of several carbonate ore minerals, was 
made in an attempt to correlate the resulting ratios with the occurrence and 
genesis of the specific minerals. Some progress was made; for instance, the 
carbon ratios of the minerals from the oxidation zone of ores form a group 
together within a relatively narrow range. There is, however, a need for 
further study and determination of many more carbon ratios before specific 
conclusions can be stated. This need for further carbon ratios is noteworthy 
since, in comparison to the other light elements, the number of carbonate 
isotopic analyses is relatively numerous. These relatively numerous carbon 
ratios have often been compiled together. However, it should be realized 
that it is generally dangerous and often misleading to combine isotopic ratio 
results determined from different mass spectrometers because of systematic 
differences in the instruments, unless a standard sample is used to correlate 
the ratios. Fortunately, this requirement, of the use of a comparative 
standard, has usually been adhered to during compilation of the carbon 
ratios. Incidentally, and also praiseworthy, some investigators (15) have 
taken the initiative themselves to supply samples of a carbon standard to 
other investigators in order that comparison of results can be precisely 
indicated. What is actually needed, however, is a series of standard isotopic 
mixtures of many of the lighter elements to be supplied, possibly by the 
Bureau of Standards, to the various investigators so that they can analyze 
the appropriate standard within their instrument and thereby obtain a 
common reference standard. 

Nitrogen.—The N"“/N® ratio is about 273. There is some evidence, 
however, that this ratio seems to vary within radioactive minerals of different 
ages. Figure 2, compiled by White and Yagoda (16), indicates that the 
N*® content of a radioactive mineral is directly proportional to the age of the 
specimen, or stated in another manner, the N“/N*® ratio in a radioactive 
mineral is reduced with increased age of the specimen. Several hypotheses, 
none completely acceptable, have been offered in explanation of this time 
dependent variation. White and Yagoda suggest that the more rapid 
diffusion of the lighter nuclide, N“, would augment the percentage abun- 
dance of N“ and the greater the time of diffusion, the greater would be the 
augmentation. The curve enigmatically suggests that the original content 
of N" at the times of formation of the minerals was somewhat higher than 
the 0.371% N"™ in the atmosphere now. (0.371% is the figure determined 
by White and Yagoda. 0.365% is probably a more precise figure (17).) 
It is of interest to note however that on theoretical considerations, the dis- 
tance of diffusion, which is proportional to the decrease in concentration or 
loss of a diffusing atom, is directly proportional to the square root of time, 
and not time alone as shown in Figure 2. Certainly more radioactive speci- 
mens of the Mesozoic and especially the Cenozoic Era should be analyzed 
for their nitrogen isotopic content to check the validity of this latter theoret- 
ical consideration. 
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Results based upon a study of the process of differential diffusion rates 
of isotopes, as mentioned above, could be of considerable value. Roedder 
(18) has stressed the value of information gained from determining the 
chemical composition of fluid inclusions but even further knowledge might 
be gained from the determination of isotopic abundances of the elements 
within the inclusions. As an example, ratios obtained from analyses of fluid 
inclusions within late crystallizing minerals of a Tertiary intrusive pluton, 
should closely represent the final extent of fractionation of isotopes within 
this body. This fractionation path could be studied further by isotopic 
analyses of the material within older fluid inclusions within early crystalliz- 
ing minerals of the same pluton or even by analyses on suitable minerals 
which had crystallized at progressively earlier stages. In a study of fluid 
inclusions within minerals of relatively old geologic age, the influence, on the 


o Urnaninites 


© PitcHOLENDEs 








} 0.650} & SAMARSKITE 
% 
Abundance 
ef 0.600} aes 
ee ais e 
n'> 
or (100-N') 
0.550 + 
0500 i A. A i i 
fe) 250 500 750 1000 1250 


Geologic age in million years ——— 


Fic. 2. Abundance of N"® in radioactive minerals (from White and Yagoda). 


isotopic ratio of a respective element, of the more rapid loss of the respective 
lighter isotope(s) by diffusion would have to be considered. This study 
itself however might lead to a geochronometric principle, suggested by Figure 
2, based upon the determinable rate of diffusion of specific isotopes through 
specific solvents. 

A study of abundance ratios of isotopes within the saline fluid inclusions 
of minerals of the Mississippi Valley deposits might supply more definite 
information on the source of the solutions (i.e., magmatic, descending, or 
ascending solutions), which transported and deposited these enigmatic 
zinc-lead mineral deposits. 

Oxygen.—The abundance of ubiquitous oxygen is reason enough that the 
stable isotopic ratios of this element should be of prime interest. The 
relative abundances of atmospheric oxygen and the significance of the mass 
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TABLE 3. 


DISTRIBUTION OF O!8 IN NATURE. (FROM THODE.) 


Relative 
abundance 
Source of O18 
Water 
Fresh water, Lake Ontario 1.00 
Ocean water 1.009 
Atmospheric water vapor over Lake Ontario 0.991 
Glacier water, Lake Louise 0.977 
Dead Sea water 1.020 
Air 
Atmospheric O2 1.033 
Atmospheric O2 1.03 
Atmospheric O:2 1.03 
Atmospheric CO: 1.040 
Rocks and Minerals 
Limestone 1.039 
Cuprite 1.00 
Swedish magnetite 1.00 
Iron ores 1.00 


differences of the oxygen nuclides have already been noted in two previous 
footnotes. At the risk, however, of being redundant, it is worth repeating 
that all of the hydrogen and oxygen isotopes are of importance in determin- 
ing the variations in density of water. The only complete isotopic analysis 
of pure water is, therefore, one that gives the abundance of the two stable 
hydrogen and three stable oxygen nuclides. However the isotopic com- 
position of a substance containing oxygen is usually reported as either the 
O1'/O8 ratio or merely as the relative abundance of O8. Table 3, com- 
piled by Thode (3), is an example of the latter, which compares the relative 
abundance of O" in different substances to a standard, in this case, ‘‘normal’”’ 
fresh water. 

A more extensive study on iron ore has been accomplished by Dole and 
Slobod (19); their results are compiled in Table 4. They note that the 
oxygen in the iron ore specimens of Keewatin and Huronian age varies only 
slightly “from that of normal water’; they conclude, therefore, that these 
ores ‘‘contain very little, if any, oxygen that was in the atmosphere before 
being bound to the iron. The conclusion of geologists that these ores were 
formed by precipitation from water seems to be completely substantiated.” 

Since many geologists believe that the iron protore became ore through 
selective weathering and removal of silica by ground water, and the isotopic 
content of this ground water might have some influence on the density of 


TABLE 4 


Isotopic OXYGEN CONTENT OF IRON OREs. 
(FROM DOLE AND SLOBOD.) 


Density of H:O 


Type of Iron Ore due to oxygen 
Keewatin +1.2 
Middle Huronian +1.6 
Middle Huronian —0.1 
Silurian (odlitic) +3.5 


Silurian (fossil) +4.5 
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water in some of the present iron ore, there may be some question as to 
whether the economic geologist deserves this flattering endorsement. 
Furthermore, note that the magmatic Swedish magnetite (Table 3), evi- 
dently has the same O* content as iron ore from Lake Superior, at least to the 
third significant figure, and certainly the genesis of each of these two ores is 
dissimilar. The relatively greater density of oxygen within the odlitic iron 
ore (Table 4) is explained as being possibly due to the presence of carbonates 
within the ore, since, as shown in Table 3, limestone has a slightly greater 
abundance of O with respect to ‘normal water.”’ Incidentally, iron car- 
bonates were probably originally present in the Lake Superior protore. 

The knowledge and potential knowledge gained from studies of relative 
O' and O abundances was recently reported in a classical paper (20) 
pertaining to the variations with temperature of equilibrium constants of 
reversible reactions. 

In the reversible reaction, 


qaA+bB+:-:-emM+nN+:-:: 


the velocities of reaction between A, B, etc. and M, N, etc., according to the 
mass action law, are, respectively, 


v, = ki[A]* X [B]’X::- 
and 


ve = k[M]™"xX[N]*xX-:-:-. 
When equilibrium is reached, v; = v2 and therefore, 


kiLA |* x [B® Xero = kel M]™ x [N]" Meee 


Van eee 


In the isotopic reaction between carbonate ions and liquid water (20), 
CO;!* + H2Oq)!® @ CO;!8 + HO! 


K = 1.0220 at 0° C. This means that in the CO,;- — H,O exchange, at 
equilibrium and at 0° C, there will be 2.2 percent more O*® in the CO;™ than 
in the water. Furthermore, at 25° C, K = 1.0176, which means that at this 
temperature and at equilibrium, the O'* content of the CO;™ is 1.76 percent 





‘ , Ko : 
greater than in the water. Since le 1.0044, the temperature difference 
25 
for the carbonate-water equilibrium reaction should amount to about 
Piaf - 0.44% O18 
0.44 percent O'8 in 25° C, or 35°C 





= 0.0176 percent variation in O'* per 


degree centigrade. 

It is obvious, therefore, that if one has a standard sample of known O'* 
abundance and known temperature of formation formed at equilibrium, it 
is possible to determine the temperature of formation of other suitable 
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samples through determining their O'* abundances and noting their deviation 
from the standard sample if they also formed under equilibrium conditions. 
The influence, however, of other factors must be known; such as: the 
change, if any, in isotopic composition of a given object since its formation, 
the known salinity of the water in which the reaction was taking place since 
the O¥ abundance is proportional to the salinity content (21) and the extent 
of preferential selection by an organism for a specific oxygen isotope (similar 
to the example of the carbon isotopes). These factors were carefully con- 
sidered by Urey et al. (20, 21), although only through analyzing naturally 
formed objects, such as marine fossils, could it be shown that all of the 
postulates were satisfactorily accounted for. An isotopic study of the 
oxygen within the growth rings of a Jurassic belemnite records ‘warmer 
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Fic. 3. Abundance ratios of S*/S** (from Thode, Macnamara and Collins). 


water in its youth than in its old age, death in the spring, and an age of 
about four years.”’ 

Fortunately, for the economic geologist, it seems possible that this 
geologic thermometer may be extended to higher temperatures. It has 
already been determined that there is a higher O" content in quartz formed 
in a geological environment of presumably lower temperature than there is 
in quartz formed at higher temperatures (22). 

Cook (1) has suggested that an isotopic study of igneous bodies formed 
by crystal fractionation and gravity settling might lead to further evidence 
of variations in isotopic abundances. He suggests deposits such as the 
Bushveld and Sudbury, but the recent excellent study (23) on the chemical 
and mineralogical differentiation of the Skaergaard intrusion is an ideal 
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example that could be further expanded to a study of. isotopic ratios of 
certain elements in rocks and minerals formed during the progressive stages 
of crystallization of this intrusive body. Determinations on the oxygen 
isotopic ratios within the plagioclase, clinopyroxene, olivine, and ortho- 
pyroxene minerals formed during the progressive crystallization may very 
well indicate a progressive change in the oxygen isotopic abundances. 

This would be only a beginning towards the possibilities that a deposit 
of this type offers to the investigator in the field of variations in isotopic 
ratios. Descriptive mineralogy, or more precisely, description of variations 
in isotope ratios in minerals, is a new field waiting to be studied. 

Sulphur.—Natural variations of the S*/S* ratio are a prime example of 
the significance of variations in isotopic abundances to geology in general, 
and to economic geology in particular. Figure 3 indicates graphically the 
results obtained by Thode and co-workers (24) upon investigating this ratio 
in natural substances. Note that the ratio varies by as much as five 
percent in the samples examined. Apparently, therefore, a variation of 
about ten percent might be expected from investigations on the S*/S*% 
ratio since the percentage mass difference is essentially doubled. This is 
significant information since it indicates that natural variations in stable 
isotopic abundances are not limited only to a few of the very light elements. 

The ratios of S**/S* are somewhat lower in sulphate specimens than in 
pyrite minerals. There is, however, one pyrite specimen that has an unu- 
sually low ratio, which is more compatible to the sulphate range. The 
source of this one enigmatic specimen is, significantly, the unique Franklin 
Furnace, N. J., mineral deposit. Thode believes that this low ratio may 
have important genetic implications and he suggests that the genetic hypo- 
thesis presented by Palache (25) might aid in explaining this low ratio. 
Palache set forth the postulate of oxidation of a primary replacement deposit 
consisting of mixed sulphides that later underwent regional metamorphism. 
Isotopic fractionation could have taken place during oxidation of the original 
sulphides to form iron sulphate, and subsequently, the reducing environ- 
ment of regional metamorphism formed the unique deposit of oxides and 
sulphides. The low S*®/S* ratio further suggests that the iron was in the 
form of a sulphate at one time. 

This example, of course, suggests many other possibilities, for here is 
another laboratory method whereby it seems possible to distinguish between 
primary and secondary minerals. 

Similarly, further insight into the origin of the uranium deposits of the 
Colorado plateau might be provided by an isotopic study of one or more of 
the elements of the radioactive minerals. It may be that there is no single 
explanation for the origin of these deposits, but rather that some are of 
hypogene and others of supergene origin. 

Chlorine.—The two stable isotopes of chlorine, Cl® and Cl*’, have been 
neglected but, as suggested by Cook (1), it seems quite likely that they would 
exhibit a variation in ratio due to differentiation over a relatively greater 
length of time; e.g., during the crystallization of a granite intrusion. This 
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is especially true of the mineralizers, since the nuclides of F, Cl, and Br, 
uniting with the common metals, generally form compounds of high vapor 
pressure and remain longer, therefore, in the gaseous phase. If the isotopic 
compounds have sufficient differences in vapor pressure, differentiation of 
chlorine-bearing compounds in nature is certainly plausible. Unfortunately 
there is only one stable nuclide of fluorine, and although bromine has two of 
almost equal abundance, their percentage mass difference is not as great as 
that of the chlorine isotopes. Probably the most appropriate project that 
could be initiated to investigate the possibility of variation in chlorine 
ratios is to analyze chlorine-bearing gases collected from various fumaroles. 

Here once again are two isotopes that may indicate the extent of dilution 
of primary water with meteoric water. The method, of course, depends 
upon knowing rather accurately the isotopic composition of the ground 
water. 

Potassium.—Brewer (26) found that the K*®/K* ratio varied from about 
12.6 to 14.6 with the greatest divergence in ratio noted for plants, and a 
lesser variation spread in rocks and minerals. Table 5 lists a few of the 


TABLE 5. 
ABUNDANCE Ratios oF K**/K*, (From Brewer and from Brewer and Baudisch.) 


Abundance ratio 
K#/Ka 


Source 
Wyomingite 14.25 + 0.03 
Secondary calcite xtal in wyomingite 14.6 + 0.05 
Lava (Vesuvius) 14.27 + 0.03 
Granite (Colorado) 14.24 + 0.03 
Basalt (Hawaii) 14.11 + 0.03 
Mineral water (Saratoga, N. Y.) 13.85 + 0.1 
Cryptozoon (undulatum and proliferum) 13.95 + 0.1 
Limestone (below fossil algae) 14.00 + 0.1 
Shale (above fossil algae) 14.20 + 0.03 


results obtained. Note the relatively high K®®/K“ ratio (14.6) of a small, 
probably secondary, calcite crystal in wyomingite, while the host rock, or 
wyomingite itself, has a rather low ratio (14.25). Evidently, the ground 
water solutions removed more easily the lighter isotope from the extrusive 
rock and upon precipitation of calcium carbonate, and the potassium isotopes 
from the solution to form the secondary supergene mineral, the potassium 
ratio withia the mineral thus was higher. As a further example, Brewer 
cites the case of a basalt specimen, from the coast of Hawaii (Table 5), which 
had been exposed to weathering by ocean water. If, as Brewer suggests, 
the process of isotopic base exchange, whereby the heavier isotope is held 
more firmly within a specific crystal structure and releases more easily the 
K*® isotope, a relatively low ratio should be expected in this weathered 
basalt specimen. Its ratio, 14.11, is, indeed, relatively low. This same 
selective base exchange process also explains the ratio results observed for the 
secondary calcite crystal in wyomingite. In fact, here is another process 
that enables the geologist to distinguish between primary and secondary 
minerals merely through information gained from variations in isotopic 
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abundances. One cannot help but wonder how much additional information 
pertaining to the processes that supergene ore solutions undergo, might be 
obtained through studies upon ratio differences of specific isotopes within 
hypogene and supergene minerals. 

Table 5 also includes the potassium isotopic ratios of various natural 
samples from Saratoga, N. Y. The ratio of both the mineral water and the 
Cryptozoon are rather low, while the limestone above and the shale below the 
Cryptozoon horizon exhibit somewhat higher ratios. It has been suggested 
that the source of the mineral water is, therefore, connate marine water. 
There is a reluctance to suggest ground water circulating through the 
formations as the source since the K**/K*! ratio, under the influence of base 
exchange, should be somewhat higher. Furthermore, since the Li7/Li® ratio 
of the mineral water does not differ noticeably from normal, it is assumed 
that the process of base exchange has not been too influential. 

Variations within the K**/K* ratios of various specimens of feldspar, 
fossils, perthite, leucite, muscovite, granite, basalt, and diabase were 
determined by Cook (1), however, he concluded that the variations were 
within the range of error of his instrument and he further expressed some 
valid doubts about the precision of Brewer’s results. 


CONCLUSIONS. 


The field of isotope geology is rapidly becoming an established subdivi- 
sion of geology. The geochronologic aid to geology, provided by studies on 
the naturally occurring radioactive isotopes has been gratefully received 
and appreciated by those of the geologic profession. Results, furthermore, 
based upon investigations with the aid of artificially produced radioactive 
isotopes in study of certain geologic problems, such as determination of the 
rates of solid diffusion in minerals, are becoming more abundant in the 
geologic literature. 

Finally, it has become evident from the results of studies on naturally 
occurring stable isotopic abundances, that the ratio variations are more 
extensive than originally believed, and it is becoming more evident that 
these variations have important genetic implications of profound interest to 
geology. There is not only a great need for a multitude of high precision 
isotopic abundancy ratios, but a great need of accurate descriptions by 
geologists of the geologic occurrence of specimens from which ratios are 
determined. This latter important requirement is receiving more attention ; 
e.g., the recent work of Mars (27). 

In conclusion, no up-to-date geologic laboratory should be without a 
high precision mass spectrometer, which means that there are few up-to-date 
geologic laboratories. 

DEPARTMENT OF GEOLOGY, 

YALE UNIVERSITY, 


New HAVEN, Conn.. 
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ABSTRACT. 


A hydrothermal mineral belt in south central Colorado is defined essen- 
tially by the intersection of early Eocene east-dipping, high-angle thrust 
faults with middle Eocene west- and southwest-dipping, low-angle thrusts, 
in a zone trending southeast from Kerber Creek to Huerfano Park. West- 
directed movement in the north, and east-directed movement in the south 
toward the old central Colorado basin, formed structural intersections of 
probable deep penetration. The intersections of late Eocene vertical uplift 
faults with Oligocene to Recent normal block faults along the edge of the 
Sierra Blanca massif formed a minor structural intersection and the sub- 
sidiary Sierra Blanca split of the mineral belt. Mineralized districts near- 
est the zone of intersection are Bonanza, Dennison City, Orient, Blake, Rito 
Alto, Silver Cliff, Rosita, Antelope Creek and Grayback. The Cleora, 
Badger Creek, Red Gulch, and Currant Creek districts, and numerous iso- 
lated prospects considerably northeast of the zone, tend to obscure mineral 
belt definition. However, the effects of severe deformation may extend later- 
ally considerable distances from the zone center, and would broaden the belt. 
The belt width appears to extend farther northeast than southwest from the 
zone, probably because the northeastern faults are of steeper dips than those 
in the southwest and, consequently, of deeper penetration. Gravels of the 
San Luis and West Mountain Valleys probably conceal portions of the belt. 
Low productivity of the belt is attributed to weakness of mineralization 
resulting from parallelism of compressions, epithermal and disseminated 
character of the ores, and lack of systematic exploration. 


INTRODUCTION. 


BiLtinGstey and Locke (3, 4)* have suggested that hydrothermal ore districts 
may be localized at intersections of superimposed orogenic belts, in the reju- 
venated roots of old orogenies, or at nodal offsets in orogenic belts. Clusters 
of districts are usually determined, they state, “by the presence of superimposed 
orogenic movements, or of intersecting lines of successive motion, or of per- 
sistent deep seated breaks” (4, p. 59). 

This writer interprets the mechanism of localizing deep seated breaks in the 
following manner: In yielding by folding and shallow faulting a region is stiff- 
ened and inherits a structural grain from orogenic deformation, intrusion, and 
metamorphism. Subsequent orogenies superimposed from different directions 
re-break the region, producing fracture systems of deeper penetration than 
before. A greater stress is required to break a region across the pre-existing 
grain, and a more profound set of fractures results. Heat, thus liberated from 
depth, moves toward the surface, producing magmas, gases, or fluids according 
to relative depth and physical conditions. The angular difference in trend of 
superimposed orogenies must be emphasized since deformation parallel to the 


2 Numbers in parentheses refer to Bibliography at end of paper. 
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grain of an earlier deformation would less likely meet with stiffened resistance, 
and would only intensify the existing grain. 

Perhaps the best example of such a structural intersection is the much de- 
scribed Salt Lake Crossroads (4, pp. 40-42) where the older Uinta axis is 
intersected by the later cordilleran thrust zone, localizing the Park City, Cotton- 
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Fic. 1. Index map of south central Colorado. 











wood, Alta, American Fork, Bingham, Stockton, Ophir, Mercur, and Tintic 
districts. These districts have accounted for a major percentage of the total 
western United States production. 

In Colorado, there are several belts and areas of concentrated hydrothermal 
mineralization. The two most evident of these, the Front Range mineral belt 
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and the San Juan-La Plata region, have been extensively described and related 
to well-known structural features. The principal mineralized areas have often 
been described in combination, as the Colorado mineral belt extending from 
Boulder, southwest to the San Juan Mountains. However, an indistinct belt 
of small mineral districts trending southeast through south central Colorado 
has escaped notice in the literature (Fig. 1). This belt is nearly perpendicular 
to the main southwest mineral trend. 

Although mapping in this region has lagged, study in a few critical areas 
makes possible an attempt to correlate the distribution of known mineral dis- 
tricts with regional orogenic patterns. This paper is an attempt to relate ge- 
netically the hydrothermal mineral districts of the region to intersecting and 
overlapping structures of two opposing orogenies in a zone extending south- 
east from Bonanza to and beyond La Veta Pass. 

The foundation of this interpretation was laid by Burbank’s mapping at 
Bonanza (5), Burbank’s discussion of south central Colorado orogeny (6), 
Burbank and Goddard’s reconnaissance of Huerfano Park and the Sangre de 
Cristo Range (7), and the early work of Cross and Emmons at Westcliff (10, 
11). The writer (12) found north-central Colorado-type structures in the 
northern Sangre de Cristo Range, thus making more possible the projection 
of the north and south type structures into an area of intersection. The pres- 
ent paper is principally a review and interpretation of the existing literature, 
based on the above projection, and the significance of the resulting intersections. 


GEOMORPHOLOGY. 


The topographic features of the south central Colorado region (Fig. 2) 
closely reflect its Tertiary history. The Wet Mountains, an echelon companion 
of the Front Range, border the western edge of the Great Plains province and 
extend from the Arkansas River south-southeast to the Huerfano River where 
they bound the east side of Huerfano Park. The southern end of the Front 
Range is offset eastward from the Wet Mountains, thus forming the Canyon 
City physiographic and structural embayment. West of the Front Range and 
Wet Mountains is a north-northwest trending series of down-folded and down- 
faulted intermountain parks or valleys. These are in sequence South Park, 
Wet Mountain Valley, and Huerfano Park. South Park formerly drained 
south into the Arkansas River, but its southern end was dammed by Miocene 
lavas (20, pp. 138-141) and it is now drained to the northeast by the Platte 
River. Wet Mountain Valley drains north into the Arkansas River. A flat 
divide about 9,000 feet high separates Wet Mountain Valley from Huerfano 
Park, which is drained southward by the tributaries of the Huerfano River. 
Huerfano Park is somewhat lower than Wet Mountain Valley. From this 
park the Huerfano River flows eastward past the southern end of the Wet 
Mountains into the Great Plains. 

Wet Mountain Valley is structurally continuous with Pleasant Valley, along 
the Arkansas River from Coaldale to Howard, although this continuity entails 
a fairly abrupt swing westward of the structures responsible for the valley 
depressions (12, p. 1590). This swing denotes the echelon offset of obscured 
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early structural elements. The eroded northern end of ttie Wet Mountains 
projects north-northwest into South Park. 

The Wet Mountain Valley-Pleasant Valley offset is matched by a similar 
swing in the east slope of the Sangre de Cristo Range, which forms the west 
boundary of the park depressions (excluding South Park). The Sangre de 
Cristo Range extends from the Arkansas Valley at Salida south-southeast into 
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Fic. 2. Generalized geologic and structure map of south central Colorado. 


New Mexico. South of Huerfano Park it borders directly on the Great Plains. 
The westward swing in the east slope of the range, and its narrowness north 
of Hayden Pass, are physiographic features that indicate the structural and 
historical difference between the northern range and that to the south. At 
La Veta Pass the range is prominently offset eastward on both sides, and the 
section from this pass south is properly called the Culebra Range. 
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The west slopes of the Sangre de Cristo and Culebra ranges are abrupt fault 
scarps that drop sharply to the San Luis Valley, a large flat series of coalesced 
alluvial fans which is generally lower than the intermountain parks to the east. 
The valley is wide in the south and narrows to the north, where it is drained 
southward by San Luis Creek. 

The valley is limited on the southwest by the Volcanic San Juan Mountains. 
The northern part of Sart Luis Valley is bounded on the west by the Saguache 
Hills. They are a small volcanic pile covering the southern end of the Sawatch 
Range, and are essentially continuous with the San Juan Mountains. 

The Sawatch Range extends from near Bonanza north-northwest along the 
west side of the Arkansas Valley trench into north-central Colorado. 

The Arkansas Valley originated after the original ranges and parks had 
been folded and partly block faulted, and is antecedent upon later structures. 
Below Salida the river leaves the Arkansas Valley trench and has cut deep 
canyons across the southeast side of the trench and across the north end of the 
Wet Mountains. 

STRATIGRAPHY. 


Lower Paleozoic sediments, resting unconformably on the crystalline base- 
ment, consist of the Cambrian Sawatch quartzite (present only in residual ero- 
sional patches) ; Ordovician, Manitou dolomite, Harding quartzite, and Fre- 
mont dolomite ; Devonian Parting sandstones and shales, and Dyer limestone; 
and Mississippian Leadville limestone. These beds aggregate roughly 600 to 
1,000 feet in thickness. They are present only in the northern part of the 
region, and occupy the shallow early central Colorado basin. They are absent 
south of the latitude of Crestone and in the central Front Range. The Penn- 
sylvanian and Permian Belden, Maroon, and Sangre de Cristo formations 
(mostly red beds) covered most of the entire region, and form most of the 
present surface except in areas where crystalline rocks are exposed by uplift. 

Mesozoic sediments once covered the region unconformably but have been 
removed except in the Huerfano Basin. 

Tertiary formations exist only in the Huerfano basin which was depressed 
as the Sangre de Cristo and Wet Mountains rose, and which received sandy 
and shaly sediments from their destruction. 

For additional discussion of the stratigraphy, the reader is referred to the 
extensive literature on the subject. 


GEOLOGIC HISTORY OF SOUTH CENTRAL COLORADO. 


The mineral belt of south central Colorado was part of the shallow central 
Colorado basin embayment during early Paleozoic time. 

During the late Paleozoic uplift of the ancestral Rockies, the region was 
near the center of the deepening basin (Colorado geosyncline), which received 
great thicknesses of clastic rocks from the destruction of the San Luis and an- 
cestral Front Ranges. The region was then beveled and accumulated Meso- 
zoic sediments more or less uniformly on a state-wide scale. The building of 
the Laramide Rocky Mountains gave rise to the structures that eventually 
controlled Tertiary volcanism and ore deposition. 
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Uplift of the Front Range-Wet Mountain region was initiated in the late 
Cretaceous and culminated in the early Eocene (6, 7, 12), with folding, under- 
thrusting, and overthrusting toward the west. The Front Range, Wet Moun- 
tains, and Sawatch Range with intervening park depressions were essentially 
formed. 

Subsequently, in middle Eocene time the Sierra Blanca massif in the San 
Luis Valley rose and expanded outward, causing intense overthrusting toward 
the north in the upper San Luis Valley, toward the northeast in the Sangre de 
Cristo Range, and toward the east in Huerfano Park (7). The first two op- 
posing deformations were compressional. Throughout the Eocene, the Huer- 
fano basin was sinking and was the site of deposition of Eocene formations from 
the Wet and Sangre de Cristo Mountains. 

From late Eocene to early Oligocene, the Sierra Blanca and Culebra (south- 
ern San Luis Valley) massifs, and the Wet Mountains were differentially up- 
lifted, vertically breaking the thrust faults, and outlining essentially the present 
topographic features of the region east of the Sangre de Cristo Range. 

Oligocene-to-Recent downfaulting of the San Luis Valley, a basin-range 
type deformation, outlined the present western slope of the Sangre de Cristo 
Range. This foundering was accompanied by extrusion of the extensive San 
Juan volcanics to the west. Lava flows filled large portions of the valley and 
built the imposing San Juan Mountains to the west. During this same period 
the entire region northeast of San Luis Valley was broadly uplifted several 
times with accompanying canyon cutting and intermittent valley widening and 
gravel-veneered pediment formation. 

In the southern region the eastward progression of tectonic welts and 
furrows is quite noticeable. Following the intervention of quiet Mesozoic 
sedimentation, the Permian southern Colorado geosyncline was replaced by 
the Tertiary Sangre de Cristo Range and a new Tertiary basin (Huerfano- 
Trinidad basin) developed to the east. 


ZONE OF STRUCTURAL INTERSECTIONS. 


The structures resulting from the west-directed and east- and northeast- 
directed compressions intersect in a broad zone extending from near Bonanza 
southeast to Huerfano Park (Fig. 4). Relations south of Huerfano Park are 
obscure, but the zone may extend farther southeast to the vicinity of La Veta 
Pass and the Spanish Peaks. 

At the northwest end of the zone (Kerber Creek) where early Eocene folds 
and trusts of northwest trend are overridden from the south by middle Eocene 
thrusts of east-west trend, the angle of intersection of the two structural sys- 
tems is large and the zone is well-defined (Figs. 3, 4). 

To the southeast the middle Eocene elements gradually swing into paral- 
lelism with early Eocene structures, the angle of intersection decreases, and the 
zone becomes broader and less distinct. Definition is further obscured by com- 
plicating high-angle faults of later age and alluvium concealing large portions 
of Wet Mountain Valley and Huerfano Park. 

From Westcliff to Huerfano Park the features of the east-directed system 
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are more noticeable than those of the west-directed system. However, certain 
features, when considered on a more regional scale, indicate that west-directed 
compressions were present in and near the Wet Mountains. Burbank (6, p. 
285) has stated that the Wet Mountains resulted from east-directed compres- 
sion; however, because the Wet Mountain structures are to a large degree 
continuous with and similar to the Front Range-South Park structures, the 
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Fic. 3. Regional tectonic sketch of south central Colorado. 


Wet Mountains more feasibly resulted from west-directed compression. The 
Pleasant Valley fault, interpreted as a high-angle, east-dipping thrust in Pleas- 
ant Valley (12, p. 1596), is believed by the writer and others (6, 7) to extend 
southeast beneath the length of Wet Mountain Valley to the east side of Huer- 
fano Park. The west-dipping thrust extending from Parkdale along the east 
side of the Wet Mountains is interpreted here as an underthrust similar to that 
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bounding the east flank of the Front Range near Golden. I¢ is of the same 
early Eocene age as the other features of west-directed compression. The fact 
that near its southeast end this thrust swings eastward into the great plains 
province is an indication that the intensity of compression decreased in this di- 
rection and died out, so that in southern Huerfano and Las Animas Counties 
the plains are bordered by the structures of east-directed compression. The 
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Fic. 4. Distribution of mineral deposits, south central Colorado mineral belt. 


fault in the plains area is probably a tear fault that represents horizontal 
shearing. 

In Huerfano Park the east directed deformation is clear-cut, but the earlier 
system is again obscure, and represented solely by the near vertical fault which 
bounds the Park on the east. This fault is probably the continuation of the 
Pleasant Valley high-angle trust (12, p. 1596) because, although concealed, the 
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same granite-Pennsylvanian sediment relations are expressed on either side 
throughout the length of the fault. Burbank and Goddard (7, Pl. 1) show a 
west dip for the fault, but it could have been modified from an original east dip 
by eastward movement of the surface. Just west of this fault Burbank and 
Goddard (7, Pls. 1, 4) show eastward movement, crumpling.and imbrication 
of the sediments sliding over a stable and stationary basement. 

At either end of the zone of intersections, the amount of crustal shortening 
for one of the deformations has been estimated. In a section 24 miles long 
from Pleasant Valley to Kerber Creek Gabelman (12, p. 1605) estimated 18 
miles of shortening from early Eocene west-directed compression. In a section 
81% miles long across Huerfano Park Burbank and Goddard (7, p. 971) esti- 
mated 11 miles of shortening from east-directed compression. 

Thus, one may picture two large areas moving toward each other at slightly 
different geologic times, opposing directly in the south and intersecting at an 
increasingly larger angle toward the northwest. The ground within this zone 
was probably more severely deformed than that affected by either compression 
alone, and the fractures within it are probably of deeper penetration than those 
on either side. The high-angle faults of the two later deformations probably 
enhanced the crustal weakness of the zone, though they tend to obscure struc- 
tural relations. 

Many of the faults in the zone probably represent breaks or weak zones 
dating from the inception of the Colorado geosyncline and the Huerfano basin. 
Weeks (27, pp. 2089-2090) theorizes that geosynclinal basins result from the 
removal of plastic material from beneath the area of sag, causing subsidence 
along border faults that originate in depth and die out upward. He states that 
visible faults bordering basins represent only a small portion of the breaks 
that actually exist in the subcrust or beneath the sedimentary cover. Such 
faults may exist in the Sangre de Cristo-Wet Mountain region on the edges 
of the Colorado and Huerfano basins and could have maintained intersection 
relations in areas where there are few surface indications of either structural 
system. 

There is a prominent split in the belt of mineral districts beginning in 
the Sangre de Cristo Range near Orient. One split extends east-south-east 
through Rito Alto and Westcliff to the Antelope Creek and is localized by, 
and northeast of, the above described zone of intersecting Eocene compressions. 
For convenience, it is termed the Wet Mountain split. The other split ex- 
tends from Orient south-southeast through Blake, Crestone, and Greyback to 
Rito Seco. Throughout its length, this split stays on or near the western scarp 
of the Sangre de Cristo and Culebra Ranges. It coincides essentially with the 
late Eocene high-angle fault zones along which the Sierra Blanca and Culelua 
massifs rose, and the Oligocene or later high-angle fault zones along which the 
massifs and San Luis Valley subsequently sank, thereby creating the present 
scarp. It is noteworthy that the two age groups of high-angle faults are essen- 
tially coincident in space and limit the east side of the Sierra Blanca massif. 
Further, at some depth the high-angle faults should intersect the low angle early 
Eocene thrusts at low strike angles. Thus, a subsidiary structural crossroads 
exists within the southwest split of the mineral belt. Since this split is mostly 
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marginal to the Sierra Blanca massif, it is termed the Sierra Blanca split for 
convenience. 

The conception of a weak crust within this zone is supported by the occur- 
rence of virtually all later intrusive igneous rocks of consequent size in or very 
near the zone (Fig. 2). Except for the collapsed intrusive dome at Bonanza, 
which is a part of and may be more closely related to the San Juan volcanic 
field, the most conspicuous intrusive bodies are the Spanish Peaks and their 
associated radial dikes. Except on the west where several large faults may 
be of the east-directed compression, there is little evidence for the zone of inter- 
section as far southeast as the Spanish Peaks. However, the peaks fit nicely 
in the well-defined zone of intrusive rocks, and it is possible that the zone ex- 
tends to this vicinity, but is concealed by post-Eocene sediments which are later 
than both compressions. 


THE SOUTH CENTRAL COLORADO MINERAL BELT. 


The hydrothermal deposits of south central Colorado are typically epi- 
thermal, locally extending into the mesothermal range, and are of small size, 
though often very rich. They are widely scattered over a large region and 
subject to local structural controls; nevertheless, they are rudely distributed 
in a curved southeast trending belt which is believed to have a more-than- 
coincidental relation to the zone of structural intersections described above 
(Fig. 4). The belt extends from Bonanza to the southern Sangre de Cristo 
or Culebra Mountains, broken only by the large alluvial areas of the San 
Luis and Wet Mountain Valleys and Huerfano Park. It is narrow and well- 
defined in its northwestern part, but gradually becomes broader and less dis- 
tinct as it swings southeast. Near Huerfano Park, mineralized areas conceiv- 
ably extend from the San Luis Valley to the central Wet Mountains. As men- 
tioned above, the mineral belt splits near Orient and continues southeastward 
as two fairly well defined separate trends. 

Even though the belt is broader, and the center of mineralization in the 
Wet Mountain split is somewhat removed northeast of the intersection zone, 
it is obvious that the entire mineral belt is essentially coincident with the zone 
of intersections in shape, and trend. These features indicate a strong genetic 
relationship between the channels controlling mineralization and the tectonic 
framework of the region. It is felt that the theory of deep fracture penetration 
at tectonic crossroads is sufficient to explain this relation. 

Two additional features, apparent in Figure 4, are considered supporting 
evidence. 

It is immediately apparent that the Wet Mountain split northeast of the 
intersecting structures contains the most intense mineralization (Bonanza, 
Orient, Westcliff, Rosita), also that this split is closest to the intersection of 
the opposing early compressions. The thrusts toward the east are generally 
of very low angle and shallow penetration, while those toward the west as a 
rule are steep and of greater penetration. Therefore, mineralization is most 
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intense on that side of the zone where originally deeper penetration created the 
most favorable channels for emanations controlled by the zone of intersection. 

The crude distribution of fluorospar deposits (Poncha, Cotopaxi, Antelope 
Creek) in and on the fringes of the Wet Mountain split may be considered evi- 
dence of large-scale zoning, just as a belt of fluorspar districts occurs through- 
out the length of the Front Range mineral belt, on its southeast side. The 
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Fic. 5. Table of general characteristics of mineral deposits. 


trend of fluorspar mineralization is parallel to the trend of metallization in the 
split. 

The paramount characteristics of the districts are presented above in a table 
(Fig. 5) for comparison. District environments in relation to regional struc- 
tures are described at the end of the paper. Strong points of similarity in the 
type of mineralization are emphasized to enhance the grouping of these areas 
into one mineral belt. 
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FACTORS OPPOSING MINERAL BELT DEFINITION, 


Even though the definition of the south central Colorado mineral belt and 
its genetic relation to the zone of intersections, as outlined above, are supported 
by much favorable evidence, the deposits are widely scattered and in places 
occur great distances from the proposed controlling influence. These and 
other opposing factors, discussed below, tend to cloud definition of the belt 
and may justify doubt of its existence. The obscuring features are pointed 
out to demonstrate the nebulous nature of the working hypothesis, and to em- 
phasize the need for future work. 

The principal opposing factors are: 


1, The wide gaps between individual districts and deposits within the belt ; 

2. The great width of the mineral belt in relation to the relatively narrow 
width of the zone of intersections ; 

3. The presence of numerous and widely distributed districts and deposits 
(Cripple Creek, Cleora, Badger Creek, Red Gulch, and Currant Creek) of 
similar character north of the Arkansas River which, if considered part of the 
belt, distort the belt toward the north. Cripple Creek is the most prominent 
of these. 

4. The central part of the zone of intersections from Wet Mountain Valley 
southeast is conspicuously devoid of mineral deposits. The deposits tend to 
occur in the two splits described above. The Sierra Blanca split is closely 
related to a subsidiary intersection zone, but the Wet Mountain split trends 
more east-southeast than its associated intersection zone. 


Plausible, though not conclusive, explanations may be offered for some of 
the factors. The scarcity and separation of mineralized areas may be at- 
tributed to the weakness of mineralization (in relation to the parallel nature 
of the opposing structures), to the abundance of concealed areas, or to the lack 
of systematic investigation. 

The second and third factors may be partly explained by the intensity of 
Eocene deformation and the influence of other later deformations. The min- 
eral belt has been presented as outlined by the opposing forces of the two Eocene 
compressions. In addition late Eocene, and Oligocene to Recent differential 
vertical movements, affected the entire region. These superimposed deforma- 
tions could have enhanced ground preparation within the zone of compressional 
intersections, and produced favorable conditions outside the zone where late 
vertical uplift faults intersect the prominent faults of either Eocene compres- 
sional system. Thus, the most distant areas distorting the belt are probably 
separate minor structural crossroads. 

The fourth factor has two possible explanations. Deposits are absent from 
the center of the zone only in the southeast part. According to Burbank and 
Goddard (7, p. 962) the east-directed compression in Huerfano Park was con- 
fined to the sedimentary cover sliding eastward over a stable basement, and 
the major faults do not penetrate the basement. Thus, in this case the depth 
penetration caused by the structural crossroads is not as great and would be 
less of a controlling factor in localizing ore deposits. The other possible expla- 
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nation is that advanced by Burbank (6, p. 311) and discussed below (Low In- 
tensity of Mineralization), suggesting that deformation was too intense, and 
hydrothermal emanations moved out to the less deformed areas on the sides. 
An analogous situation would be the occurrence of ore in small subsidiary frac- 
tures, rather than in a gougy, strong, shear zone. 


THE EPITHERMAL CHARACTER OF THE MINERAL BELT. 


All the districts in the proposed mineral belt, except those of possible Pre- 
cambrian age, are classified as epithermal, or xenothermal, although the north- 
ern Bonanza district represents a higher temperature of deposition than the 
others, and a gradual decrease in temperature environment southeast is notice- 
able. This probably results from the trend of the mineral belt away from the 
central Colorado Sawatch province of mineralization and the San Juan 
volcanics. 

Some of the features common to most of the deposits, and which indicate 
their epithermal environment, are: 


1. Shattering of wall rocks near large faults and igneous vents ; 

2. The predominance of local faulting and shattering over local folding ; 

3. Abundant open cavities and a cavity-filling type of mineralization, rather 
than replacement ; 

4. The general lack of strong wall rock alteration except locally ; 

5. Evidence of shallow depth below old erosion surfaces ; 

6. The low temperature mineral assemblage containing gold, silver, tel- 
lurides, argentite, gray copper galena, sphalerite, and chalcopyrite in a gangue 
of chalcedony, and low-temperature fluorite, pyrite, adulariz, alunite, calcite 
and barite. In this assemblage the base metals (copper, le‘, and zinc) are 
subordinate to gold and silver ; 

7. The ores display characteristic, low-temperature and -pressure textures 
and structures. 


The epithermal character of the deposits strengthens their grouping into a 
compatible mineralogic province and helps distinguish this province from the 
mesothermal environments of the Sawatch Range and the Front Range mineral 
belt. It is expected that a gradation in environment of mineralization exists 
between the Bonanza district and the mesothermal ores of the Southern Sa- 
watch Range (Monarch district). 


LOW INTENSITY OF MINERALIZATION. 


The composite picture of the south-central Colorado mineral belt is one of 
low intensity, with shallow hydrothermal mineralization in a low temperature 
environment over a large region. The commercial aspects have been and 
probably will remain limited. The reasons for this condition are primarily 
geological, but also possibly human, and should be discussed in relation to 
prospecting possibilities. It is as important to know why mineralization does 
not occur in structurally favorable areas as to know why it does occur. 
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Burbank (6, pp. 279-280, 282) points out that the Sangre de Cristo region 
was near the center of the Late Paleozoic central Colorado basin, which was 
part of an earlier seaway entering Colorado from the west. Whether this 
paleogeographical position was a prime factor in the intensity of Tertiary de- 
formation for isostatic reasons cannot be stated with certainty. However, the 
Tertiary orogeny was abnormally profound, and Burbank attributes the feeble 
character of mineralization to the intensity of Eocene deformation and the 
prolonged duration of subsequent igneous activity. 

Additional reasons can be offered to supplement this interpretation. The 
shallow character of the mineralization observed has been noted, but in several 
areas very little evidence is available to show that the known deposits bottom 
at shallow depths. On the contrary, the Bull Domingo and Bassick pipes 
(Westcliff and Rosita districts) and the Cripple Creek veins (a similar-type 
district outside the belt) showed no evidence of bottoming in the vertical range 
of mining. Mining was stopped at 1,400 feet depth in the Bassick pipe because 
the water could not be handled. Mining at Cripple Creek has ceased periodi- 
cally because of water problems, but has been resumed after driving drainage 
tunnels. The present Carlton drainage tunnel permits mining 3,500 feet 
below the surface. It is feasible, therefore, that many other deposits in the belt 
might extend to great depths, and the grade and tonnage of ore might improve 
as zones of greater temperature and pressure environment are reached. How- 
ever, deep ore would probably be attainable only where drainage tunnels of 
practical economic length and depth can be driven. 

If the structural crossroads theory is accepted, the weakness of mineraliza- 
tion might be attributed in part to the type of intersection represented here. 
The theory implies that the greater the difference in age and angle of inter- 
section of the structural systems, the more powerful and deeper are the result- 
ing fractures, and the greater the quantity of emanations and the intensity of 
mineralization. In the case of the Salt Lake crossroads, mentioned previously, 
the intersection is at 90 degrees although both systems are of Tertiary age. 

In the south-central Colorado zone of intersections, the structures of each 
system intersect nearly perpendicularly near Bonanza, but the angle rapidly 
decreases southeast until the structures are parallel at the latitude of Crestone, 
and they remain essentially parallel on southeast. The correspondence of de- 
creasing intensity of mineralization with the decreasing angle of intersection 
has already been noted, and might be cited as evidence in favor of the cross- 
roads theory. In the southeast part of the belt the compressions acted toward 
each other, so that instead of the later deformation rebreaking the region stiff- 
ened by the earlier, the later only intensified the stiffening in the same direction. 
The shallow depth penetration of middle Eocene structures in the zone of inter- 
sections is evidenced by the condition described by Burbank and Goddard (7, 
p. 962) of the sedimentary cover sliding eastward by folding and imbrication 
over a stable basement. The relation is emphasized by the presence of min- 
eralization off to the sides of the intensely deformed area, rather than in it. 
Northwestward where the angle of intersection and intensity of mineralization 
are greater, the structural depth penetration is probably much deeper. 
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The closeness in age of the early and middle Eocene compressions may also 
have had an adverse effect on the preparation of ground for mineralization. 
Possibly the earlier deformation did not have sufficient time to heal before the 
advent of the later. The assumption in this case is that fractures and bedding 
openings will tend to be sealed by mineral fillings with the result of aiding stiff- 
ening of the area, retarding ready movement on pre-existing fractures. 


INFLUENCE OF PALEOZOIC STRUCTURES, 


Billingsley and Locke (4, p. 24, 52) attribute the Colorado mineral trends 
to the intersection of early Tertiary (Eocene) northwest trending orogenies 
with late Precambrian northeast trending orogenic roots. While direct evi- 
dence of Precambrian structural trends is commonly obscure, the distribution 
of early Paleozoic positive areas that may reflect Precambrian trends is more 
obvious. Thus, the northeast trend of the Front Range mineral belt is gener- 
ally coincident with the axis of the broad early Paleozoic Front Range land 
mass extending from the central Colorado basin (Leadville) into northeastern 
Colorado. Since this region received no Cambrian sediments, it is obvious 
that it must have been raised in Precambrian time. Except for a southwest- 
ward extension from Breckenridge to Leadville, the mineral belt covers only 
that portion of the Paleozoic trend that is now occupied by the Front Range, 
thus establishing a remarkable parallel to the Salt Lake crossroads. Late Ter- 
tiary block faulting may have enhanced the favorable weakness of the belt, but 
its influence is only locally obvious. 

Relations are more obscure in the south central Colorado mineral belt. By 
reason of the absence of early Paleozoic sediments, a Precambrian orogeny and 
broad early Paleozoic land mass is indicated in southern Colorado south of 
Crestone (6, p. 278), yet it can have little relation to the mineral belt since the 
two have no similarity in trend. A close relation to the Permo-Pennsylvanian 
San Luis Range is implied, yet this also tould have exerted little influence. 
The San Luis-Uncompahgre geanticline trended northwest through southern 
Colorado (6, p. 282; 15, p. 24), and its northeast edge was nearly coincident 
with the Kerber Creek-Huerfano Park thrust zone, but its axis was far south- 
west of the mineral belt that crosses the adjacent central Colorado intermontane 
basin (Zeugogeosyncline) diagonally. A positive island, which is also crossed 
by the mineral belt, existed in the present position of the Wet Mountains (15, 
p. 23). 

The Permian intermontane basin contained two deeps divided by a roughly 
east-west trending ridge in the position of and with nearly the same trend as 
the mineral belt. However, it is believed that this ridge served only as a broad 
boundary limiting the northward extent of the rising Tertiary Sierra Blanca 
and Culebra massifs in the position of the previous deep. It is noteworthy 
that the ridge also divides the west moving compression in the northern deep, 
from the east moving compression in the southern deep. 

Although the Paleozoic tectonic patterns greatly influenced the position of 
Tertiary structural elements, it is not possible to relate the mineral belt to them 
directly, and the Tertiary tectonic movements themselves are considered more 
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acutely responsible, since their trends and intersections conform most closely to 
the mineral belt trend. 


DESCRIPTIONS OF MINERAL DEPOSITS. 


Mining areas range in size from large, well defined districts to small, un- 
developed prospects. Production has been relatively small. Since production 
reflects the intensity of mineralization, the districts will be discussed in order 
of their economic importance for metals and non-metals, rather than by geo- 
graphic position. Districts are shown in Figure 4 as districts of over $100,000 
production and areas of less than $100,000 production but with district defi- 
nition. Mineralized areas of smaller than district size are shown as mines with 
over 500 tons production and undeveloped prospects. This classification is 
modified from that of Fisher et al. (24). 

Classification of the size of area over which mineralization occurs is equally 
as important as classification of intensity of mineralization in terms of dollar 
or ton production. Therefore, for convenience in this paper, mineralized areas 
are further classified as follows: 


Deposit (mine or prospect)—single occurrence of continuous or semi- 
continuous mineralization. 

Area—iineralization of less than 1 square mile. 

Sub-district—mineralization of 2 to 5 square miles. 

District—mineralization of 6 to 10 square miles. 

Greater district—mineralization of greater than 10 square miles. 


Precambrian Deposits. 


Two known base metal deposits in the mineral belt are considered of Pre- 
cambrian age : the Cotopaxi zinc mine near the Arkansas River and the Marion 
mine southeast of Rosita. 

Cotopaxi Deposit (18, p. 67). —The Cotopaxi deposit is in the Precambrian 
Pikes Peak granite of the Arkansas River Canyon. The granite is gneissic and 
is cut by many irregular pegmatites. Mineralization occurs in lenses of 
foliated amphibolite, which trend at an angle to the schistosity of the granite 
gneiss. The ore is an intergrowth of chalcopyrite, sphalerite, and galena in a 
gangue of quartz, biotite, garnet, and amphibole. Some of the pegmatites are 
mineralized with sulfides in a quartz-labradorite-gahnite gangue. Production 
figures are unknown but reportedly a substantial tonnage was mined before 
1907. 

The Cotopaxi deposit is more typical of high temperature and contact 
metamorphism than of shallow epithermal mineralization, and is not similar 
to the Tertiary deposits in the mineral belt. It has been termed a basic 
magmatic segregation by previous workers, but there is a strong possibility 
it may represent metallization of a metamorphosed limy sediment or a basically 
enriched rock adjacent to a granitized area. 

Fairview Area (1, p. 548-549).—The Marion mine contains the only well 
known deposit in the Fairview area. It is about two miles west of Lake 
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Isabel (between Rye and Beulah), Custer County, and about 15 miles south- 
east of Silver Cliff. The deposit is in an area of Precambrian metamorphosed 
sediments that have been irregularly intruded by granite and pegmatite. Min- 
eralization is in a band of rock containing quartz and lime silicates (probably 
metamorphosed limestone) 25 feet wide and over 1,000 feet long. Gouge and 
breccia in and adjacent to the bed indicate local strong shearing parallel to the 
bed (northeast). The footwall consists of a large irregular lens of amphibolite 
(or hornblende gneiss), which is intruded irregularly by granite. Granite 
forms the hanging wall. 

Mineralization consists of chalcopyrite, argentiferous galena, sphalerite and 
small amounts of gold disseminated in a gangue of coarse-grained granular 
quartz and lime and ferro-magnesian silicates. 

No production for the area is recorded, but old stopes indicate that some 
ore was mined probably around 1900. 


Deposits Possibly of the Secondary Red Bed Type. 


Malachite Sub-District (25, p. 119; 13, p. 146).—Available reports de- 
scribe the Malachite ore deposits as disseminations of secondary copper and 
silver minerals in Paleozoic red beds. There is no known production. 

These deposits are probably similar to other described copper-silver red 
bed deposits in the Colorado Plateau, Eagle County, and other parts of 
Colorado. The nearest similar district is the Red Gulch district north of 
Cotopaxi, in which argentiferous chalcocite, malachite, and azurite occur as- 
sociated with coal and coaly carbonaceous shale in Pennsylvania red beds. 
Primary hydrothermal and syngenetic sedimentary origins have been proposed 
for these ores. Lindgren (16, p. 173-174) suggested a secondary lateral 


secretionary origin during recent time by meteoric waters as the surface is 
reduced. 


Hydrothermal Districts with More Than $100,000 Production. 


Bonanza Greater District (5).—The Bonanza greater district, northwest 
of Villa Grove, Saguache County, is the largest and northwesternmost district 
in the proposed mineral belt. Its position in extrusive rocks on the edge of 
the San Juan volcanic field has been considered an indication of a close genetic 
relation to the San Juan mineral province and its origin is similar to that of 
districts bordering the Silverton caldera. However, the district is geographi- 
cally outside the San Juan mineral province, and even as a center of intrusion 
and vulcanism represents a weak area in the structural zone in which deforma- 
tion prepared the way for deep-seated emanations. This feature is the prin- 
ciple characteristic of the zone of intersections. 

Bonanza is a volcanic center in which 4,000 feet of flows accumulated on 
Precambrian basement rocks and Paleozoic sediments in the highly folded and 
faulted lower Eocene (northern) side of the zone. Ten miles down Kerber 
Creek (southeast) from Bonanza, the lower Eocene elements in Paleozoic and 




















DEFINITION OF A MINERAL BELT. 195 


basements rocks are overridden from the south by middle Eocene thrust faults 
that are exposed on the edges of the flow rocks. 

The volcanics, in order of succession, are the Rawley andesite, Bonanza 
latite, Squirrel Gulch latite, Porphyry Peak rhyolite, and Bremer Creek latite. 

These formations were arched and differentially tilted by large bulging 
intrusives at shallow depths. Intrusive monzonite, granite porphyry, quartz 
latite, and rhyolite then broke through the thin crust as small stocks and dikes. 
The local forces causing upwarping of the volcanics are believed derived from 
the rising magma itself, and the reduction of pressure and evacuation of 
magma allowed the dome to collapse into the intrusive channels. Additional 
dikes were then intruded along many collapse faults. Local faulting continued 
throughout the mineralization period as final adjustment to collapse. 

Both normal and steep reverse faults are present, though the former are 
more common. ‘They are gravity faults resulting primarily from tension, with 
compression playing a minor role. The fracture pattern is intricate with great 
numbers of short, small faults. No particular direction predominates, and 
the faults tend to bound a large number of blocks jumbled indiscriminately in 
response to collapse forces. Numerous low-angle, normal faults on the west 
side of the district suggest that the collapsed crust may have slid eastward in 
landslide fashion. Several major fault zones, such as the Paragon fault, are 
several miles in length. 

The veins are in short faults, mostly the result of fissure filling. Most 
productive veins are in the Rawley andesite. Commercial ore tends to occur 
as shoots within veins. The greatest depth of commercial ore occurrence 
known in 1932 was 800 feet below the outcrop. Exploration had reached 1,200 
feet. Most shoots bottom 200 to 500 feet below the outcrop, demonstrating 
the surficial nature of the faults. The rise in elevation of the productive zone 
in correspondence with the topographic rise to the north is additional evidence 
of shallow environment. 

The ore contains sphalerite, galena, chalcopyrite, bornite, enargite, ten- 
nantite, and stromyerite in a pyrite, quartz, mangano-calcite, rhodochrosite, and 
barite gangue. The assemblage may be considered high-temperature epi- 
thermal. There are two principal classes of ore: quartz veins of high base- 
metal content with silver and a little gold in the northern part, and quartz- 
rhodochrosite-fluorite veins with high silver and minor sulfides in the southern 
part. 

The ore is massive rather than finely banded. Vugs are numerous but 
irregular and not related to vein walls. Comb structure is generally absent. 
A fine-grained intergrowth texture predominates. Breccia ore is common, 
the sulfides having been deposited interstitially in rubble. 

Hydrothermal wall rock alteration consists of silicification, sericitization, 
and propylitization. All are generally pre-ore in age and are fissure-controlled. 

The total production of the district to 1946 is about $9,000,000. Mining 
has been intermittently active since 1880. 

South Bonanza (Lower Kerber Creek) District (5)—The Lower Kerber 
Creek area is essentially the same as the southern part of the Bonanza district 








196 JOHN W. GABELMAN. 


as defined by Burbank, and is that portion which occurs in the volcanics, closer 
to the exposed intersecting thrusts than the main district. This area is vaguely 
separated from the main district by a little-prospected, apparently barren, zone. 
The separation is intensified here to emphasize the occurrence of mineraliza- 
tion closer to the zone of intersecting structures. 

The volcanic sequence is roughly the same as in the northern district except 
that the Porphyry Peak rhyolite is missing, the Bonanza latite is replaced by 
the Hayden Peak latite, and the sequence is thinner. 

The fissures in the southern area strike north or northwest and are generally 
of the same type as those in the north, although there are mineralogical differ- 
ences in the enclosed veins. The northern veins are of low to intermediate 
temperature, whereas the southern veins are of low temperature and contain 
fluorite and rhodochrosite with sparse sulfides, as described above. The Eagle 
vein has been the principal producer. A gold quartz vein of the type more 
similar to other gold veins in the mineral belt occurs in Columbia Gulch within 
the zone of intersections. 

Orient Sub-District (22). —The Orient sub-district is on the east side of 
the San Luis Valley where the Lower Paleozoic carbonate sediments leave the 
Sangre de Cristo Range and disappear beneath the valley alluvium, reappearing 
eventually in Kerber Creek. Although the rocks are apparently not highly 
deformed, the sub-district is tightly folded with some shearing, and is within 
several miles of the actual intersections of the early Eocene, middle Eocene, 
and Oligocene to Recent deformations. 

Orient marks the southern end of the Wellsville-Orient zone of early 
Eocene thrusts and the folds represent the dying out of thrust movement. 
Most of the prominent faults are nearly east-west, high angle cross faults nearly 
perpendicular to the folds. 

Eocene fracturing was of the deep-seated type and mostly confined to shear- 
ing. The later minor shattering which prepared the ground for replacement 
mineralization was more of the shallow type and is probably related to the 
depression of the San Luis Valley. 

Mineralization consists of replacement of the Leadville and Dyer limestones 
by auriferous siderite from vein channels. The siderite was subsequently al- 
tered to limonite by supergene solutions. Folds or portions of folds apparently 
exerted little influence on the localization of ore. 

Iron was the only metal produced. The district was active intermittently 
from 1880 to 1933 and furnished a large portion of the iron ore supplying the 
Colorado Fuel & Iron Corporation’s steel mill at Pueblo. 

Silver Cliff-Rosita Hills Districts (10, 11) —Cross and Emmons described 
the geology and ore deposits near the camps of Westcliff, Silver Cliff, Querida, 
and Rosita, in Custer County. Actually the deposits, though similar, occur in 
two districts separated by a two-mile barren interval. The western district 
contains the Blue Mountains and White Hills, and supported the adjacent 
towns of Westcliff and Silver Cliff. The eastern district is in the Rosita Hills 
and supported Querida and Rosita. Both districts are on the gentle west slope 
of the Wet Mountains. 
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The country rock in the districts is Precambrian granite and gneiss of the 
core of the early Eocene Wet Mountain anticline. The Rosita Hills were the 
center of Tertiary volcanic activity of two ages. The earlier volcanic rocks 
occur as dikes of unmetamorphosed peridotite, syenite, and diabase, cutting 
granite and gneiss. The dikes are truncated by an erosion surface closely ap- 
proximating the present regional erosional surface, on which accumulated the 
Rosita volanics. The volcanics, in order of decreasing age, consist of the Ro- 
sita fragmental andesite, Bunker massive andesite, Fairview diorite in dikes 
cutting the earlier andesite, Bald Mountain dacite flows, rhyolite in dikes, erup- 
tive channels and flows, the Pringle andesite, trachyte flows, and the Bassick 
agglomerate. 

The Bassick agglomerate occupies the orifice of an explosive breccia pipe. 
The fragments range in size from fine dust to blocks several feet in diameter 
and show all degrees of rounding, probably by attrition. They are mostly 
andesite, but include granite and gneiss. Charcoal has been found at a depth 
of 800 feet. The Bassick shaft penetrated this mass 1,400 feet and encoun- 
tered no change in character. The fragments were solid at the time of erup- 
tion, indicating that gaseous explosions from below formed the pipe. The Bull 
Domingo pipe in the Silver Cliff district is a similar gas explosive pipe at the 
contact between granite and syenite. It contains fragments of syenite, granite, 
and gneiss similar physically to the Bassick agglomerate. 

The effusive rocks and locally the Precambrian rocks have been strongly 
altered. Breccia pipe fillings were mostly argillized. The volcanics have 
been argillized, and chloritized generally, and replaced by sericite, quartz, 
alunite, and pyrite near ore deposits. Secondary solutions have decomposed 
the fragmental tuffs and formed siliceous clay from perlite. 

The area is not strongly deformed, but a fracture pattern is indicated by 
dikes and several faults. Large faults are uncommon. In the Rosita Hills 
the most prominent fracture trend is N80°W. Minor subsidiary trends are 
N20°E, and N30°W. The only apparent fracture pattern at Silver Cliff is 
N20°E. The only faults known are those that displace the flows or those 
that contain dikes or ore deposits. Many others are probably present but 
are concealed by the homogeneity of the granite and gneiss. It is probable 
that channels for the volcanics and later metallizing solutions were controlled 
by intersections of these fracture systems. 

The ore bodies in both districts are of two types (11, pp. 467-469) based 
on differences in structural and alteration control, rather than mineralogy of 
the ore. 

The Humboldt-Pocahontas type occurs as true fissure veins occupying 
faults. The faults are seldom clean breaks with attendant pinch and swell 
relations. They are mostly shear zones composed of many thin parallel .or 
echelon fissures separated by crushed and banded wall rocks, with accompany- 
ing short, narrow, veins. Ore minerals were deposited first by filling the nar- 
row fissures and interstices between bands of wall rock, and second, to a lesser 
extent, by partially replacing the more altered portions of the intervening 
bands. Some of these fissures have been mined to depths exceeding 500 feet. 
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The Silver Cliff plateau type occurs as cavity-fillings and replacements of 
strongly altered adjacent rocks. These deposits differ from the former type 
only in type of supplying channel and degree of alteration and replacement, 
and are the most common. ‘Typical channels are: 


1. Rounded channels of eruptive rhyolite containing massive, spherulitic, 
or brecciated rhyolite of several eruptions such as in the Indian Castle mine; 

2. Rounded pipes of explosion breccia as in the Bassick and Bull Domingo 
mines ; 

3. Short, north-south, east-dipping fissures with adjacent strongly brecci- 
ated and altered zones. Solutions traveled partly along the fissures, but mostly 
in adjacent brecciated and altered zones; 

4. Oval, movement or solution brecciated chimneys isolated near the sur- 
face, but connected with a supplying fissure at depth; 

5. Intricate networks of small fractures (mostly joints) in irregularly- 
shaped areas which are undoubtedly connected with a more pronounced chan- 
nel at depth, such as the Silver Cliff quarry. 


Channels of the second type suggest surficial shattering and adjustment to 
deeper intrusive and large fault stresses, and provided the easiest access for 
hydrothermal solutions to the surface. The rock adjacent to such channels is 
highly altered and may contain copper, lead, and zinc. 

From 1933 to 1937 the Rosita district produced $7,642 in gold, silver, 
copper, lead, and zinc. The total recorded production for both districts is 
$6,143,874. 

Two mines in the above districts deserve special mention because of their 
unusual characteristics. The Bassick mine in the Rosita Hills occupies a por- 
tion of the eruptive throat containing the Bassick agglomerate. There are 
two nearly vertical connected pipes or chimneys, the largest being 100 feet by 
30 feet in plan and over 1,400 feet deep. Ore minerals coat the fragments of 
the Bassick rubble and fill the interstitial openings. There is no distinct 
boundary between ore and waste, but the ore is richest in the center. The 
fragments are coated in paragenetic succession with chalcopyrite, sphalerite, 
galena, jamesonite, tetrahedrite, gold and silver tellurides, smithsonite, cala- 
mine, free gold, and quartz. The boulders are rarely in contact with each 
other, but occur in a matrix of pulverized and argillized rock. The vent itself 
is believed localized at the intersection of two shear zones. 

The Bull Domingo mine in the Blue Mountains contains a pipe similar in 
structure to the Bassick but smaller (90’ x 40’ in plan) and is steeply inclined. 
The pipe is at a granite-syenite dike contact, but the walls and boulders are 
gneissoid granite. The ore minerals also coat the boulders, which are seldom 
in contact with each other. The minerals include galena, marmatite, pyrite, 
gold and silver in a gangue of calcite, dolomite, ankerite, and siderite. 

The Rosita and Westcliff districts are the most prominent in the Wet 
Mountain split of the mineral belt, though both are somewhat removed north- 
east of the supposed structural intersections, and no known structures within 
the area are strong enough to have localized the volcanic activity. It is sug- 
gested that a wave of shattering in advance of Sierra Blanca northeast thrust- 
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ing formed intersections with the east-dipping Pleasant Vailey thrust, which 
broke vertically through the upper plate of the thrust and are concealed by the 
homogeneity of the rocks. 


Areas of District Definition with Less Than $100,000 Production. 


Blake Sub-District (25, p. 191).—The Blake sub-district, also known as 
the Mirage or Cotton Creek district, is at the head of Cotton Creek on the west 
slope of the Sangre de Cristo Range, Saguache County. Structurally the area 
is in the Sierra Blanca split, between the middle Eocene thrust zone and the 
zone of intersection between the two later deformations along the edge of the 
San Luis Valley. 

Production for the period 1934 to 1939 was 141 tons of gold-silver-copper- 
lead ore valued at $1,978.00. 

The deposits occur as veins in shear zones roughly parallel to the schistosity 
of the enclosing Precambrian metamorphic rocks. Very little is known about 
the structures of individual veins or the vein pattern. 

Mineralization consists of free gold, chalcopyrite, sphalerite, and argentif- 
erous galena in a gangue of quartz and pyrite. 

Blanca Sub-District (25, p. 31).—The Blanca sub-district is near the top 
of the west slope of Mount Blanca, the highest peak in southern Colorado. 
The sub-district is about 12 miles northwest of Fort Garland, Alamosa County. 
The peak is a westerly outlier and presumably the southern end of the Sangre 
de Cristo Range proper. Southeast of Mount Blanca is the structural embay- 
ment in the west slope of the range which separates the main range from the 
Culebra section of the Sangre de Cristo. The peak also represents the south- 
east extremity of the Sierra Blanca Precambrian massif, which is separated by 
strong faults from the Culebra Precambrian massif exposed to the southeast 
in the Culebra Range. The country rocks are granite, schists, and gneisses 
of the Sierra Blanca massif. Short, thin, gold-quartz veins have been mined 
intermittently, but known production is limited to several trial shipments of 
gold ore in 1928 and 1934. 

This is an area of typical shallow shattering initiated by stronger distur- 
bances in nearby adjacent areas or at depth. The faulting between the Sierra 
Blanca and Culebra massifs or conflicting stresses arising from the vertical 
uplift of the Sierra Blanca massif past the thrust-faulted sedimentary area im- 
mediately to the east could have caused shattering in the district. 

Crestone (Baca Grant) District (25, p. 193; 19, pp. 25-27) —The Crestone 
district is generally similar to the nearby Blake district. Gold, silver, and base 
metal mineralization occurs in Precambrian rocks in a band 3 to 6 miles wide 
on the west slope of the Sangre de Cristo Range. The strongest mineralization 
is on the Baca land grant (the Independent mine) which was never open to 
prospecting, although prospectors’ claims were litigated for many years. 

Prior to 1897 when the miners were evicted from the Baca grant, six stamp 
mills of from 5 to 50 stamps were operating in the district, milling free gold. 
Production during this period is unknown. In 1897 the 50-stamp Independent 
mill was removed and a new 100-stamp mill erected. Sixty thousand tons of 
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ore were milled before sulfide ores were encountered and mining stopped. 
From 1932 to 1939, 10,099 tons of gold-silver-base metal ore, valued at $47,049, 
was produced. 

The veins are in irregular fractures and along shear zones roughly parallel 
to the scistosity of the Precambrian rocks. Free gold associated with pyrite 
is the principal mineral in the ore. Chalcopyrite, galena, and sphalerite are 
minor constituents near the surface, but increased with depth. With several 
exceptions, such as the Independent vein, the ore bodies have been small, but 
rich. 

Dennison City (Steel Canyon) Sub-District—The Steel Canyon sub- 
district is virtually unknown in Colorado mining records, and the information 
presented below stems from the writer’s visit to the area and from old letters 
found in abandoned cabins. 

Steel Canyon is on the lower western slope of the Sangre de Cristo Range, 
about 7 miles east of Villa Grove and 4 miles north of Orient. Dennison City 
was a small cluster of cabins at the mouth of Steel Canyon, and the old mines 
are about a mile up the canyon. Mineralization occurs in short, discontinuous, 
veins in the lower Paleozoic sediments and has locally spread as replacements 
into the Dyer and Leadville limestones. The veins are closely related to the 
thrust faults of the early Eocene Wellsville-Orient zone, which passes through 
the district. Mineralization consists of oxidized argentiferous galena and 
chalcopyrite with gold in a quartz-carbonate gangue. 

All the mines are inaccessible, but partial records of the Steel Canyon 
Mining, Milling, and Investment Company, which was responsible for most 
of the development including a large mill, indicate ore of the following grade: 
0.1 oz gold, 15 to 75 oz silver, 0-20% lead, and 0-18% copper. Ore of this 
grade probably occurs only in small bodies. This company was active in 
1902. Other operators included the Quartzite Mining, Milling, and Invest- 
ment Company, and the Villa Grove Marble and Onyx Company and the 
Denver Steel Company. None of these operations was successful, and there is 
no record of shipments. However, scanty mineralization under the same type 
of control as that at Orient is typical of the region and similar to many other 
deposits in the mineral belt. 

Galena Peak (Bushnell Ridge) Sub-District (8, p. 1959-1960).—The 
Galena Peak sub-district is high on the east slope of the northern Sangre de 
Cristo Range. The area is inaccessible except on foot or horseback, and ex- 
cept for general features is virtually unknown. Butler reports meager sulfide 
mineralization in Ordovician and Devonian dolomites and limestones flanking 
the range crest on the east. Tetrahedrite, sphalerite, and galena occur as 
fissure-controlled replacements of the carbonate rocks. No associated igneous 
rocks are known. There has been no production and the value of the ore is 
unknown. 

This area is in the Wellsville-Orient thrust zone, considerably northeast 
of the zone of intersections. 

Grayback (Russell) District (20)—The Grayback district is in the 
Trinchera Estate, at the head of Grayback Gulch, on Grayback Mountain, 
Costilla County. It is about 4 miles west of LeVeta Pass. 
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Grayback Mountain is an area of Pennsylvania sandstones, shales, and 
thin limestones intruded by small stocks, dikes, and abundant sills of Miocene( ?) 
age. The intrusives include several types of monzonite porphyry, “quartz” 
(granite) porphyry, andesite, lampropyre, diorite, and felsite. There are 
several intrusives breccias. The felsite is the youngest intrusive and occurs 
in dikes cutting all other rocks including the breccias. Although there are 
several intrusive centers, the broad doming of sediments in the intrusive areas 
suggests a large laccolith at a shallow depth from which the small otucropping 
bodies are the uppermost protuberances. Grayback Mountain is the western- 
most center of the Spanish Peak type of intrusion. 

Two miles west of Grayback Mountain is the eastern border of the Sierra 
Blanca massif. The sediments contacting the massif are vertical and Burbank 
and Goddard (7, p. 966) show a vertical fault at the contact. Between the 
massif and Grayback Mountain the sediments flatten into a sharp syncline 
before rising over the intrusive dome. 

Patton’s map shows no faults, but most of the intrusive masses have pro- 
nounced linear trends on the surface. N30°W, N60°E, and N-S are the 
significant trends in order of decreasing prominence. The N30°W trend is 
roughly parallel to the nearly vertical Precambrian-Pennsylvanian contact. 
A local fracture pattern related to regional faults, the regional tectonic grain, 
and the mineral belt is therefore indicated. 

Although important local structures are scarce, nearby major structures 
associated with the Huerfano Park thrust belt and the faults bordering the 
Sierra Blanca massif, probably intersect at depth and may have localized the 
intrusions, 

Primary alterations in the district are confined to the contact-metamorphic 
effects adjacent to many intrusive bodies. Apparently only the monzonite 
porphyries had pronounced contact effects, and metamorphism was not intense 
more than 100 feet from the contact. Shales were converted to hornfels, sand- 
stone to quartzite, and limestones to marbles or skarns. Only in the magnetite 
skarns is there evidence for much hydrothermal alteration ; widespread altera- 
tions are absent. 

Mineral deposits in the district occur as placers and lodes. The placers 
contain gold as the only commercial metal, and since they were derived from 
preexisting lodes, they have no place in this discussion. It is noteworthy, 
however, that the gravels west of Placer Creek (coincident with the Pre- 
cambrian-Pennsylvanian contact) contain no gold, and that, therefore, the gold 
originated near Grayback Mountain. 

The lodes occur as contact deposits, Fahlbands (impregnated schists), 
fissure veins, mineralized dikes, and metamorphosed bedded deposits. 

Igneous contacts commonly show evidence of movement with the formation 
of gouge and breccia but with very few open spaces. These contacts are barren 
with the exception of the Hidden Treasure mine, which is a contact vein con- 
taining low-grade gold-silver mineralization in hematite. 

Impregnations of Precambrian schist are uncommon. A few amphibolite 
lenses contain chalcopyrite altering to malachite, and a biotite schist area in 
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Kennedy Gulch is impregnated with calcite and limonite (altered from pyrite) 
but with no metallic minerals. 

Fissure veins are of two types, though all are local and of short length. 
They are later than all intrusive rocks. The most common veins are nearly 
vertical and generally are shear or sheeted zones with much gouge. Their 
trend is commonly northwest, parallel to the primary direction of intrusive 
elongation. The veins range from several inches to four feet in width, and 
have well defined walls. They contain auriferous limonite, calcite, and gouge. 
In most cases oxidation is complete. The strongest of the steep fissure veins 
occurs at the Precambrian-Pennsylvanian fault contact, a few feet east of the 
actual fault in Pennsylvanian rocks. The mineralized sheeted zone shows 
strong movement and contains chalcopyrite, gold, silver, chalcocite, limonite, 
and malachite. The second type of vein is less common, of very low dip, and 
is characterized by a solid filling (several inches thick) of marcasite(?) gold 
and silver tellurides, and locally chalcopyrite and galena. This latter group 
occurs only near Grayback Mountain and probably results from tension directly 
caused by the vertical upward movement of intrusion. 

Pennsylvanian limestones near intrusions have been silicated with the 
formation of typical skarn or tactite minerals (garnet, epidote, quartz, actino- 
lite, and calcite). Silication was followed in many cases by replacement by 
magnetite and small amounts of gold. Bedding has been preserved. These 
deposits have been mined for iron ore but are not commercial for gold. 

In summary, the district is an intrusive center probably controlled by 
middle and late Eocene structural elements, but hydrothermal activity was 
slight and metallization scanty. Disseminated weak mineralization in poorly 
defined small structures indicates the shallow conditions typical of the mineral 
belt. 

Hillside Area(?) 25, pp. 85-86) —The Hillside area is about 13 miles north- 
west of Westcliff, on Texas Creek, and only a short distance east of the 
Pleasant Valley thrust. The country rock in the area is Precambrian Pikes 
Peak granite. Very little information is available. 

Presumably mineralization occurs in veins cutting the granite, although 
the vein pattern and other structural features are unknown. Gold is the only 
ore mineral known. Discoveries of pitchblende have been reported, but this 
may be of Precambrian age and related to the granite, rather than to Tertiary 
mineralization. The only production consists of a trial shipment of 7 tons in 
1935, which assayed 0.2 ounce gold per ton. 

Isle (Oak Creek or Spaulding) Area (14; 25, p. 69).—Isle is 16 miles 
southwest of Florence, Colorado, and is the most northeastern occurrence of 
mineralization considered a part of the mineral belt under discussion. 

The country rock of the area is Precambrian granite and granite gneiss. 
Mineralization occurs in two prominent shear zones along the east side of Oak 
Creek. The ore is oxidized, and consists of lead carbonate in a gangue of 
chalcedony, and iron and manganese oxides. There is a small amount of 
silver. Ore occurs in lenses, stringers, pockets, cracks, and interstitial dis- 
seminations in the sheared country rock. It was evidently deposited in its 
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present form by secondary enrichment and migration from,a primary source. 
Tonnage and grade decrease with depth. 

The Terrible mine has been the only producing mine. Prior to 1895 it 
yielded about 300,000 tons of ore carrying 5-8 per cent of lead. Since that 
time, 36 tons have been mined containing 24,200 pounds of lead and some 
silver (11, p. 468-469). 

The ore zone is 92 feet wide enclosed between walls trending N-S, and 
dipping 60°W. Both walls are probably fault planes. The country rock is 
granite, and the rock between walls (probably once similar) is now altered 
beyond recognition, and shattered into small lozenge-shaped fragments stained 
by oxide of iron. The only ore mineral is cerrusite, which lines cleavage planes 
or cracks between the lozenge-shaped fragments, and fills seams or veins 
fractions of an inch wide running through the mass, or following the footwall. 
On the hanging wall is a barren zone 10-20 feet wide of greenish clay altered 
from some gneissic rock. Ore extended to the footwall, and in places im- 
pregnated it. There is no evidence of primary deposition as sulfide; the 
cerrusite merely fills open spaces in shattered rock with some replacement. 
There may have been transposition and concentration of deep-seated sulfides 
by carbonated water such as is now issuing three-quarters of a mile west in 
Grape Creek. 

LaV eta Sub-District (13, p. 7; 25, pp. 118-119) —The LaVeta sub-district 
is on West Spanish Peak, Huerfano County, ten miles south of the town, La 
Veta. The Spanish Peaks represent late Tertiary igneous masses intruded 
nearly vertically which have independently domed the surrounding sediments. 
Dike swarms of various differentiates fill fractures radiating from the peaks, 
which are only four miles apart. The number, distribution, and length of 
dikes indicate the number, distribution, and length of the fractures that they 
fill, and it is significant that the fractures between the peaks and the Sangre de 
Cristo Mountains to the west are short and scarce, but east of the peaks, toward 
the open high plains, they are long and numerous. Thus, the forces of in- 
trusion were less easily relieved against the buttress of the pre-existing Sangre 
de Cristo Range (Culebra massif) than in the structureless area to the east. 

The core of West Spanish Peak is augite diorite, while the core of East 
Spanish Peak is granite porphyry. Base-metal ore deposits occur in veins to 
some extent in the augite diorite, but most commonly in the zone of contact- 
metamorphosed sedimentary shales surrounding the core. The veins contain 
chalcopyrite, galena, gray copper, sphalerite, and silver in a gangue of siderite, 
calcite, quartz, and barite. 

Wahatoya Creek and the Apishapa River, which head, respectively, on the 
north and south sides of the saddle between the peaks, contain small amounts of 
placer gold, although the exact source of the gold is not known. 

Production from the district prior to 1908 totaled 168 oz gold, 1,176 oz 
silver, 92 pounds copper, and 1,067 pounds lead, The district has since been 
dormant except for minor placer operations in the depression years 1932-1934. 

Some of the deposits of the LaVeta sub-district occupy radial fissures 
whose origin is directly related to intrusive force in the emplacement of the 
igneous core of West Spanish Peak. The mineralizing solutions probably 
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followed the same general course as the intruding mass so that the localizing 
regional structures should be the same for both. The accompanying map 
shows several other similar intrusive plugs northwest of the Spanish Peaks 
(without known associated ore deposits). The intrusive centers are aligned 
northwest generally parallel to and about midway between the faults of the 
opposing Eocene compressions. 

Music (Liberty) Sub-District (25, p. 196). —The Music sub-district is on 
Arena Creek, 10 miles southeast of Crestone, Saguache County, on the west 
slope of the Sangre de Cristo Range. 

The geological relations and ore occurrences are similar to those of Crestone, 
and the sub-district is probably a southeast extension of Crestone structures and 
metallization. Sulfides occur in thin veins related to southeast trending shear 
zones in Precambrian rocks. The most important values are in gold. There 
is no recorded production. 

Rito Alto Sub-District (2, pp. 739-749) —The Rito Alto sub-district is at 
the base of the east side of Rito Alto Peak in Custer County. Structurally the 
area is part of the east flank of the large diapiric anticline in Pennsylvanian 
sediments described by Burbank and Goddard (7, pp. 952-954). There are no 
known major faults in the vicinity, though this area was one of conflicting 
compressions in which the middle Eocene northeastward-directed thrusts acted 
against the buttress formed by the early Eocene nearly parallel Sangre de 
Cristo anticline, thus perhaps forming or intensifying folding of the diapiric 
anticline. 

The wall rocks in the district are consistently sandstones. Chalcopyrite, 
chrysocolla and quartz, with traces of gold and silver, occur in fissure veins, 
joints, bedding planes, and as impregnations in the sandstones. The faults 
strike north-northeast, dip steeply southeast, and are generally small. 

Several mines operated during the active life of the district (1900-1907) 
and small shipments were made to the Salida and Pueblo smelters. The ores 
reputedly averaged as high as 10 percent cepper. 

Bagg believed the chalcopyrite, subsequently altered to chrysocolla, was 
syngenetic in the sandstone and was derived detritally from the erosion of veins 
in Precambrian granite on islands in the Pennsylvanian sea. However, the 
Rito Alto mineralization resembles many other hydrothermal deposits of the 
Mineral Belt in character and low intensity, and is probably related genetically 
to the Tertiary zone of intersecting structures. 

Rito Seco (Plomo) Sub-District (25, p. 65).—The Plomo sub-district is 
on Rito Seco Creek about 16 miles southeast of Fort Garland, Costilla County, 
on the west slope of the Culebra portion of the Sangre de Cristo Range. 

The sub-district is in an area of volcanic flow rocks that have been intensely 
argillized over an area 3/4 mile in diameter. Because of the masking effect 
of alteration, the original character of the rocks was difficult to determine. 
They were classified as limestone by Van Diest (26, pp. 76-80) and rhyolite 
by B. S. Butler (private communication). Vanderwilt (25, p. 65) states the 
rocks were originally classified as granite-gneiss, but are probably latite- 
andesite flows. 

There are two types of metallization: the lead deposits for which the dis- 
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trict was named, and the later gold deposits. The lead minerals seem to occur 
in veins on the edges of the altered gold area. 

The gold-quartz-pyrite mineralization occurs in thin, short veinlets in and 
as partial replacements of the flows over most of the altered area. The area 
was shattered into an intricate network of small fractures by near-surface ad- 
justment and was then altered by solutions which had access to the entire rock 
through the fracture system. 

The forces that caused shattering of the area, which in turn allowed the 
entrance of hydrothermal emanations, were probably related to the final settling 
of the San Luis Valley along the normal faults separating the valley from the 
Sangre de Cristo uplift. However, the linear northwest distribution of the 
flows (parallel to faults bordering the San Luis Valley and Culebra massif) 
indicates the presence of stronger and earlier structures that controlled the 
volcanic feeder channels. These are probably related to the faults along 
which the Culebra massif rose and those along which the San Luis Valley sank. 

Physiographic relations in this district permit some deductions about the 
age of mineralization. The flows rest on a Precambrian surface formed in the 
late stages of San Luis Valley sinking, and are dated Pliocene(?) (Hinsdale 
formation) on the state geologic map of Colorado (23). Mineralization is 
therefore possibly middle or late Pliocene. Because of structural and mineral- 
ogical similarities, most of the districts in the southwest split of the mineral 
belt are probably of the same age. 


Isolated Mines with Over 500 Tons Production. 


Antelope Creek Area (9, p. 265).—The Antelope Creek fluorspar area is 
on the west slope of the Wet Mountains in Custer County, about eight miles 
southeast of Rosita. Fluorspar veins in granite were discovered in 1906, and 
by 1908 about 800 tons had been shipped. Mining activity was short-lived. 
This district is near and on the east side of the large fault separating the Pre- 
cambrian of the Wet Mountains from the Pennsylvanian sediments of the Wet 
Mountain Valley, and believed to be a southeast continuation of the early 
Eocene Pleasant Valley thrust. In this area the fault approaches the middle 
Eocene east-directed thrusts of Huerfano Park, and a condition of opposing 
compressions is implied. The parallelism of the compressions is probably a 
factor contributing to the weakness of mineralization. The district is also 
near the west edge of the Wet Mountain volcanic field. 

Cotopaxi Deposit (9, p. 266).—On the south side of the Arkansas River, 
near Cotopaxi, a Tertiary vein in Precambrian Pikes Peak granite contains 
fluorite in a gangue of quartz and calcite, and was mined in the 1920’s. Pro- 
duction figures are not available. The size and trend of the vein is unknown. 

Grape Creek Area (25, p. 85).—Veins in granite occur on Grape Creek 
about eight miles southwest of Canon City, Fremont County at the northern 
end of the Wet Mountains. Gold, silver, and base metals have been mined 
periodically, but very little is known about the area. The veins are probably 
genetically related to the north-northwest-trending early Eocene thrusts of the 
Wet Mountains. 
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Poncha Mine.—The Poncha fluorspar mine and hot springs are about one 
mile southeast of Poncha Springs in Chaffee County. It is the only known 
hydrothermal deposit in the immediate area which, therefore, lacks district 
definition. 

The deposit is a nearly north-south-trending vein in a shear zone more 
than one hundred feet wide and several thousand feet long. It dips steeply east 
and has well-defined walls. The wall rocks are Precambrian granite, schist, and 
amphibolite, which in the shear zone have been brecciated into fragments of all 
sizes surrounded by gouge. There are many small, independent faults within 
the shear zone separating blocks of fragmented granite with numerous open 
spaces. The spaces have been filled and the fragments partially replaced by 
fluorite, quartz, and calcite of several generations. Fragments are commonly 
coated concentrically with layers of massive fluorite with characteristic comb 
structure. Outer surfaces have mamillary structures. Crystals are absent. 
The core of each fluorspar-coated fragment is granite replaced in places to 
indistinction by fluorite. There is no apparent wall rock alteration. 

Several hundred feet lower than the fluorspar mine and a short distance 
away in the footwall of the fault, hot springs issue from channels probably re- 
lated to the older channels of fluorite mineralization. Mining activity has 
caused a higher and closer spring to dry up. 

The filling of open spaces, concentric coating of fragments, and massive or 
comb-banded texture of fluorite indicate an epithermal environment of dep- 
osition. The proximity and probable relation of hot springs, the epithermal 
character and texture of the ore, and the occurrence of Tertiary fluorspar dis- 
tricts to the northeast indicate a late Tertiary-age for the Poncha deposit. 

The wide shear zone is one of the few known major structures in the Poncha 
Hills which connect the structure of the San Luis and upper Arkansas Valleys 
(12, p. 1608). The fault is roughly parallel to and en echelon with the major 
normal fault zone bordering the east side of the San Luis Valley and the border 
normal faults of the Arkansas Valley graben. A nearby intersection of this 
fault with an early Eocene thrust or a Miocene east-west normal fault across 
the northern end of the Sangre de Cristo Range is implied. 


- Undeveloped Prospects. 


Poncha Pass Fluorspar Deposit—An undeveloped fluorspar deposit similar 
to the Poncha Springs vein occurs about a mile east of Highway 285 near the 
top of Poncha Pass, and about five miles south-southeast of the Poncha mine. 
Fluorspar, calcite, quartz, opal, and chalcedony occur in a shear and gouge 
zone cutting Precambrian quartzites and muscovite schists. This zone has 
roughly the same strike and attitude as the Poncha Springs vein, but when 
projected, the two do not join unless one changes direction radically. They 
appear to be en echelon and to have the same relation to San Luis Valley and 
Arkansas Valley structural configurations. There are no related hot springs. 
The texture of the ore is similar to that of the Poncha Springs ore. 

Both of these deposits are far north of the zone of intersections. They 
are about midway between this mineral belt and another mineralized zone that 
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seems to be following the Sawatch Range from Leadville’ to Monarch Pass. 
Central Colorado fluorspar deposits characteristically occur on the outer fringes 
of more intense mesothermal and epithermal mineralized areas, thus suggesting 
more moderate conditions of temperature and pressure. This relation is sug- 
gested for the Poncha deposits. 

Other Prospects——Investigation by local prospectors in the Wet and Sangre 
de Cristo Mountains has disclosed the widespread occurrence of small veinlets, 
in places far removed from known mining districts; containing hydrothermal 
gold, silver, and base metal minerals. Generally these occurrences are not 
commercial, but encourage continued prospecting so that this activity has never 
ceased in the region. 

Most of the occurrences are in the two divisions of the mineral belt as 
described above, and serve to emphasize the continuity of mineralization, even 
though weak, in these segments. 


Cripple Creek. 


The Cripple Creek district deserves special mention because of its remark- 
able production record and because it is far outside the proposed mineral belt, 
although closer to it than to the Front Range mineral belt. It is hardly 
possible that this district could be related to either the Kerber Creek-Huerfano 
Park thrust-zone or to the later structures associated with the San Luis Valley. 
Yet if the theory that intersecting, offset, or curved structural trends is valid, 
an attempt should be made to determine the prominent feaures of the southern 
Front Range that could possibly localize deep seated emanations. 

The Cripple Creek district occupies a denuded Tertiary volcano possibly 
related to the South Park volcanic field which dams off the southern end of 
South Park. It is similar to the Rosita volcanic center, and in that the volcanic 
center has collapsed locally it is similar to the Bonanza district. There are no 
major regional faults in the district. Those along both sides of the southern 
Front Range are early Eocene in age. The Williams Canyon fault on the east 
and the Oil Creek fault on the southwest sides of the southern range are nearly 
parallel and are similar to other early Eocene faults in the region resulting from 
strong compression. The faults and related flanking folds in sediments en- 
close the broad Cripple Creek dome (of which Pikes Peak is a part), and 
which though deeply eroded projects southeastward as an imposing bulk 
abruptly terminating the range. 

Loughlin and Koschmann (17) have revised the Tertiary history of the 
district and have traced the evolution of the volcano from a controlling network 
of local faults directly related to formation of the dome by compression and 
later vertical uplift. The faults occur in systems at about 45° to compression 
directions (shears) and normal and parallel to minor fold axes (tension and 
compression). 

The volcano was erupted explosively from near vertical channels in Miocene 
time, and contains explosive breccia pipes (the Cresson blowout) similar to the 
Rosita-Westcliff pipes, even to the detail of carbonized wood found in the 
breccia at depths over 500 feet. The similarity may be further extended to 
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include the absence of regional controlling structures within 5 miles. Dis- 
trict structures are remarkably local. The Cripple Creek volcano, however, 
collapsed caldera-wise in pre-mineral time to form additional controls for ore. 

Although these faults undoubtedly influenced formation of the volcano, 
they could hardly have been the primary reason for location of the volcano 
where it is, rather than anywhere else on the Cripple Creek dome or in the 
southern Front Range. 

The above features, plus the epithermal character and disseminated gen- 
erally low-grade tenor of the ore, serve to place Cripple Creek genetically with 
the districts of the south central Colorado mineral belt, rather than with the 
earlier mesothermal districts to the northwest. Therefore, a weak and obscure 
type of crustal weakness is probable, as that in the south, and only coincidentally 
was the intensity of crustal disturbance and ensuing mineralization greater here, 
the volcanics having broken directly through an area generally weakened by ad- 
jacent structures. 

There are several other possible interpretations. Minor intersections could 
exist between the early Eocene folds and faults and late Tertiary faults (now 
possibly unnoticeable in the massive granite) resulting from vertical uplift as in 
the Sierra Blanca split. 

Also, it is noticeable from the state geologic map that Cripple Creek is 
on a northeast trending line that connects prominent abrupt curvatures in the 
Parkdale fault, Oil Creek fault, and Williams Canyon fault. 

However, when the dome itself is considered, a logical course for local- 
ization is possible, though its probability must await further structural investi- 
gation. The Cripple Creek volcano is near the highest part of the dome 
physiographically and probably structurally, since the topography generally 
reflects the original configuration of the fold. The enormity of this fold has 
perhaps escaped notice, yet to judge topographically, it was comparatively 
narrower and more intense here than at any other portion of the southern 
Front Range. Aided by marginal faults, the core probably rose during the 
Eocene to such heights that the portion now exposed by prolonged erosion may 
represent the weakened crustal interior itself, which dragged with it the heat 
that in Miocene time broke through to form the Cripple Creek volcanics. 


PROSPECTING SUGGESTIONS. 


Aside from geological reasons for the low productivity of the mineral belt, 
an important contributing factor may be the relatively unknown state of the 
region involved. Credit must be given the early prospectors who left few 
stones unturned, but the prospectors generally lacked sound geologic reasoning, 
and confined their search to exposed mineral deposits.. No significance was 
attached to structural or noneconomic mineral guides to ore bodies that do not 
crop out or are covered by alluvium. 

From the standpoint of geologic mapping and selective exploration, the 
Sangre de Cristo and adjacent regions are among the least known in Colorado. 
This condition has been largely the result of the relative inaccessibility of 
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rugged areas and the lack of productive mineralization. Unknown commercial 
ore deposits can and probably do exist. 

Long range prospecting and exploration may be profitably followed along 
several lines. 

Of primary importance is the systematic mapping of the region on a re- 
connaissance scale to determine more accurately the regional structural pattern. 
This may be followed by more detailed mapping of the most favorable areas. 

Although the average ore bodies in the mineral belt are of low grade and 
tonnage, several areas have yielded relatively small tonnages of very high-grade 
ore localized under evident structural control. The simplest and probably 
least expensive method of prospecting for this type is the detailed mapping of 
the strong main fault zones and their smaller subsidiaries. Such data might 
enable the prediction of ore localized in settings already shown to be productive. 

Larger disseminated bodies, such as the Rito Seco gold deposit, might be 
located by extensive sampling and geochemical prospecting of strongly altered 
areas. 

Prospecting gravel-covered areas near known mineral districts holds much 
promise. For example, the mineralized hills at West Cliff rise as islands from 
the alluvium of the Wet Mountain Valley. This prospecting may be done by 
projecting favorable structural trends beneath the gravel and checking the 
projections with geophysical surveys. Large portions of the mineral belt are 
covered by gravel in the San Luis and Wet Mountain Valleys, the most favor- 
able of which are the San Luis Valley between Bonanza and Orient, and the 
Wet Mountain Valley interval from Rito Alto to Rosita. 
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ABSTRACT, 


In the present paper a discussion is given of the relationships of the 
Cu, Zn, Ni, and Mo contents of the rock, of the ground water, and of the 
ash of certain plants, based on observations made by the present author 
within limited regions, characterized by sulfide schists containing pyrrho- 
tite, pyrite, chalcopyrite, and sphalerite, or by granite containing small 
amounts of molybdenite and chalcopyrite. The results of these investi- 
gations are given in part as concentration curves, and the question of the 
sensitivity of biogeochemical methods in the conditions obtaining in Fin- 
land is discussed. 


INTRODUCTION, 


WHeEN the Svenska Prospekterings Aktiebolaget (1)? published its bio- 
geochemical methods for ore prospecting (first used by S. Palmqvist and 
N. Brundin), interest was aroused, and at that time their possibilities were 
estimated to be considerable, and were even somewhat overrated. In Fin- 
land, Rankama (2, 3) was the first who tried to apply these methods, and 
investigated biogeochemically a region in the neighborhood of the nickel ore 
deposits at Nivala in North Finland. Since that time, there has been much 
concern with this problem, and a comprehensive literature dealing with bio- 
geochemical problems has appeared. Nevertheless, many important ques- 
tions connected with biogeochemical ore prospecting still remain unsolved. 
One of the most significant problems in this connection is the relationship 
between the heavy metal content of the bedrock, and of the plants growing 
in the vicinity. 

Since all plants obtain their nutriment through the mediation of ground 
waters, their metal content will only indicate the metal concentration of the 
waters within reach of their roots. Hence, the ability of plants to indicate 
the metal content of the underlying rocks depends upon the degree to which 
the ground waters reflect the amounts of the corresponding metals in the 
rocks. 

1 Numbers in parentheses refer to Bibliography at end of paper. 
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Several investigators have tried to solve this question by systematically 
collecting plants from limited areas characterized by occurrences of a known 
ore deposit, and examining the samples chemically, as for instance, Warren 
and Howatson (4), and Webb and Millman (5). Further, there is a great 
volume of work dealing with the use of the ground waters themselves as 
means of prospecting for ores (6), in many cases not without success. 

The present author undertook the same problem, since there is a real 
necessity for new methods in ore prospecting in Finland. The investigations 
were made at places characterized by the occurrence of sulfide schists (7), 
and at a granite and granodiorite locality containing small disseminations of 
molybdenite and chalcopyrite. The investigations were carried out under 
the direction of the Geological Survey of Finland. 


INVESTIGATIONS OF THE GROUND WATERS AT NOKIA. 


Geologically, the Nokia district is composed of phyllite, which strikes in 
an E-W direction and contains predominantly quartz and mica. Embedded 
in the phyllite there is a layer, 500 to 1,000 meters in width, consisting of 
sulfide schists with abundant pyrrhotite. These sulfide schists have been 
interpreted by the present author as being of sapropelic origin. In many 
places they also contain chalcopyrite and sphalerite (7). The whole region 
has been accurately investigated by geophysical methods (Geological Survey 
of Finland), and the magnetic curves reflect well the observed distribution 
of pyrrhotite within the region. 

Further, the sulfide schists have been investigated by diamond drilling, 
and there are several chemical analyses of the rocks of the area, indicating 
that the copper content of the phyllites is zero, but in the sulfide schists 
averages 0.01 percent, ranging between 0.005 and 0.025 percent. The zinc 
content of the phyllites is less than 0.01 percent, but that of the sulfide schists 
averages 0.10 to 0.15 percent, and in the sulfide schists of Koskenmaki, in the 
northern part of the region investigated, it is 0.4 to 0.5 percent. The content 
of nickel in the phyllites is very low, but in the sulfide schists it may be 0.15 
percent,—generally, however, less than 0.05 percent. 

From geophysical curves it was possible to check the distribution of sul- 
fides and from chemical analyses to state with some plausibility the average 
contents of copper, zinc, and nickel in different parts of the region in question. 

The Cu, Zn, and Ni contents are very low, but owing to the fact that 
Nokia is a very densely populated locality, there are several hundreds of 
wells providing an excellent opportunity for investigating the ground waters 
of the region. 

Samples of water were taken from 300 wells and investigated. Since 
pyrrhotite is abundant in the sulfide schists, but sparse or absent in the pure 
phyllite, the first task was to investigate whether the same relation also oc- 
curs in the corresponding water samples. Further, the amount of pyrrhotite 
in the sulfide schist is variable, and the variations could be checked by means 
of the magnetic anomalies. Because pyrrhotite is comparatively readily 
hydrolysable, it is to be expected that the disintegration products of pyrrho- 
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tite would include sulfuric acid, governing the acidity of waters. Therefore, 
the pH of all water samples collected was determined, and the results of 
these determinations are seen in Figure 1 in the form of acidity curves. The 
area of magnetic anomalies is hatched, and the parallelism between the two 
is obvious. The highest content of pyrrhotite in the rocks is reflected by the 
lowest values for pH in the well water samples. The lowest value is 3.8, 
indicating considerable acidity of the water. Sulfide schists containing only 
slight dissemination of pyrrhotite caused acidity of waters corresponding to 
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Fic. 1. Acidity curves of the well waters of Nokia. Barren area corresponds 
to a pH higher than 5.5; light gray area to values between 5.5 and 4.5; dark gray 
to pH values less than 4.5, and black to 4.0. The hatched area represents magnetic 
anomalies. 


pH = 4.5 — 5.5, and waters taken from wells on the phyllitic ground showed 
pH = 6.0 or more. The average acidity of waters from granitic areas mostly 
show pH = 7.0 — 8.0. 

The second task was to examine the Cu and Zn contents of the waters 
and compare the results with known variations in the corresponding contents 
of the rocks. In the investigation of acidity, the pH value was determined 
directly in the field, within 1 hour after taking the sample from the well. 
The Cu and Zn contents were chemically determined later on in the laboratory 
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Fic. 2. Copper concentration curves for well waters of Nokia. The successive 
curves correspond to 0.5, 1.0, 2.0, and 4.0 ppm copper in the well waters. The 
hatched area represents magnetic anomalies. 


of the Geological Survey of Finland by Mr.*A. Heikkinen. For determina- 
tion of copper he used the following method : 


100 ml water was placed in a 250 ml flask; to this was added 20 ml of a solu- 
tion of iron sulfate, and 15 ml of a solution of sodium thiosulfate, and note was 
taken (with a stop-watch) of the time required for disappearance of the brownish 
color, depending upon the reduction of Fe--- to Fe--, catalyzed by the presence of 
copper. 

The results obtained were compared with determinations from solutions con- 
taining known amounts of copper. 

The solution of iron sulfate: 3.8 ¢ FeSO,-7 H.0O, 0.8 ml conc. H:SQ,, and 
25 ml 2 NHCI dissolved in 100 ml water (distilled in glass apparatus) ; Fe-- oxi- 
dized with H.O, to Fe-:-- and the excess of H:O. removed by boiling, and then 
the solution diluted to 1,000 ml; to the diluted solution 10 ml of a solution con- 
taining 95 g NH,SCN in 250 ml water was added. 

The solution of sodium thiosulfate: 4.14 g NaS.0.-5H.O dissolved in dis- 
tilled water and diluted to 250 ml. 


The zinc content of the waters was determined polarigraphically. In Figure 
2 the copper concentration curves of the well waters are shown, and com- 
pared with the magnetic anomalies marked by shading. The relationship of 
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the known copper content of the rock and water is in good accordance. It 
is, however, to be especially noted that there are distinct differences in the 
Cu content of the waters, effected by comparatively small differences in the 
corresponding contents of the rock. If the waters of phyllitic ground con- 
tain less than 0.5 ppm Cu they contain, in schists with only 0.005% Cu, an 
average 2 ppm. Waters from wells in rocks containing 0.01% contain 
4 to 5 ppm copper. Consequently, at Nokia this method seems to be too 
sensitive for use as an aid to ore prospecting (at Nokia the soil cover is com- 
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Fic. 3. Zinc concentration curves for well waters of Nokia. The successive 
curves correspond to 5, 7, 10, 20 ppm zinc in well waters. The hatched area repre- 
sents magnetic anomalies. 


paratively thin, 1-2 m only, and the samples from the wells correspond to 
the waters circulating in the rocks themselves). 

Figure 3 shows the concentration curves for zinc in the well waters, also 
reflecting the variations of the zinc content of the underlying rocks. ‘Here 
also, the very low content of zinc in the rocks is reflected by the variations 
of the zinc content of the corresponding well waters. In the barren area, 
the zinc content of waters is less than 5 ppm, in areas averaging 0.1% Zn, 
the content of Zn in the waters is about 10 ppm, and 20 ppm corresponds 
to an average of 0.5% Zn in the rock. 
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BIOGEOCHEMICAL INVESTIGATIONS AT NOKIA, 


To test the relationships of the Cu, and Zn contents of the underlying 
rock, and of the plants growing on it, samples of the leaves of Vaccinium 
vitis idaea were taken. This plant was chosen, because it is common within 
the region investigated, and hence the samples could be taken as a network 
covering the region. Unfortunately, no samples of plants could be taken 
from the northermost part of the region. 
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Fic. 4. Copper concentration curves for the ash of leaves of Vaccinium vitis 
idaea. The successive curves correspond to 20, 25, and 30 ppm copper in the ash 
of the leaves. 


Each sample was gathered from an area of 10 x 10 m; and the distance 
between two neighboring sampling points was not more than 100 meters, 
usually 80 meters. 

After combusion of the plants, the resulting ash was analyzed spectro- 
graphically by Mr. O. Joensuu of Chicago. Besides Cu and Zn, the Ni was 
also determined. 

In Figure 4 the copper concentration curves of the ash of I’. vitis idaea 
are given; the hatched area is that characterized by magnetic anomalies. 
Only in parts can the comparison of waters and plants be made, and at these 
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points the parallelism is clearly visible. It seems from thé results that well 
waters are more sensitive to the Cu contents of underlying rocks, but differ- 
ences are distinct in the copper contents of plant ash also. Figure 5 shows 
the corresponding curves for zinc in the plant ash, and there are also given 
directions of the supposed flow of ground waters, very important for the 
interpretation of observed biogeochemical anomalies. 

In Figure 6 the concentration curves for nickel in the plant ash is given. 
No determinations of nickel in waters have been made, nor is the nickel con- 
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Fic.5. Zine concentration curves for the ash of leaves of Vaccinium vitis idaea. 
The successive curves correspond to 50, 55, and 60 ppm zinc in the ash of the leaves. 
Arrows indicate the supposed directions of flow of the ground waters. The hatched 
area represents magnetic anomalies. 


tent in rocks adequately known. What, however, can be seen from the 
curves of Figure 6, is that nickel occurs in areas characterized by strong 
magnetic anomalies, but not at all in the ash of plants collected from the 
phyllitic areas. So far as it was possible to determine the mode of occurrence 
of nickel in the rocks, it seems that in part it occurs in the pyrrhotite; only 
rarely does it occur as pentlandite (it occurs in the form of flames in pyrrho- 
tite; linneite was observed in only one polished section). 
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Fic. 6. Nickel concentration curves for the ash of leaves of Vaccinium vitts 
idaea. The successive curves correspond to 20, 25, and 30 ppm nickel in the ash 
of the leaves. 
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Fic. 7. Copper concentration curves in the ash of leaves of Ledum palustre at 
Hiirola. Small circles are sampling points, and the figures indicate the Cu contents 
of the ash in ppm. 
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BIOGEOCHEMICAL INVESTIGATIONS AT HIIROLA. 


The sampling of plants was done at Hiirola as at Nokia, but instead of 
V. vitis idaea, another plant was used, because the former was not evenly 
distributed on the area to be investigated ; Ledum palustre was chosen instead. 
The country rock of Hiirola consists of mica-gneiss, very unhomogeneous 
in composition, and consisting mainly of migmatized mica-schist and phyllite. 
Limestone occurs within the mica-gneiss, and parallel to the limestone layer 
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Fic. 8. Molybdenum concentration curves in the ash of leaves of Ledum palustre 
at Rautio. Small circles indicate the sampling points, and the figures the molyb- 
denum content of the ash in ppm. 


there is another one characterized by strong magnetic anomalies, caused by 
the high pyrrhotite content of the underlying sulfide schists and skarn em- 
bedded in the mica gneiss. The Cu and Zn content at Hiirola is very small; 
although only few chemical determinations of copper exist for the rocks of 
Hiirola, they rarely exceed 0.01 percent. No diamond drill holes have been 
made, and the outcrops are inadequate to provide any accurate knowledge 
of the distribution of Cu and Zn at Hiirola. The thickness of soil covering 
the rocks at Hiirola varies between 0.5 and 2 meters. 
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The concentration curves for copper are given in Figure 7. They cor- 
respond exactly to the magnetic curves, and are concentrated in the western 
part of the region. This agrees with the mineralogical observations since, 
under the microscope, chalcopyrite is rare in polished sections from the 
eastern part of the region, but is more common in those from the western part. 

If the results of the investigations at Hiirola are compared with those of 
Nokia, similarities are evident, despite the fact that a different plant was 
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Fic. 9. Copper concentration curves in the ash of the leaves of Ledum palustre 
at Rautio. Small circles indicate the sampling points, and the figures the copper 
content in ppm of the ash. 


used at Hiirola. Here, too, the plant ash reflects well even very small varia- 
tions in the Cu content of the underlying rocks. 


BIOGEOCHEMICAL INVESTIGATIONS AT RAUTIO. 


The Rautio region is situated in the northern part of Central Finland, 
and it is covered by a bog 3 to 7 meters in thickness. Around the bog there 
are some outcrops of granite and granodiorite, containing, in places, sparse 
disseminations of molybdenite. The area has been drilled at several locali- 
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ties, so that there is a comparatively good picture of the rocks beneath the 
bog. 

The bog (14 X 1$ km) was investigated biogeochemically. At Rautio 
Ledum palustre was used, and in many cases the molybdenum content both 
in the leaves and the twigs of this plant was determined. The determination 
was carried out spectrographically by Mr. O. Joensuu in Chicago, and he 
also determined copper from the samples of ash. 

In Figure 8 the concentration curves for molybdenum in the ash of leaves 
of Ledum palustre are given, and they agree with the known molybdenum 
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Fic. 10. Distribution of molybdenum between the ash of leaves and twigs of 
Ledum palustre at Rautio. 


content in the underlying granite and granodiorite. The molybdenum content 
in the rocks is not evenly distributed, as can be established from the analysis 
of the drill cores; in most parts it is about zero, but exceptionally rises up 
to 0.02 percent. Most places containing only a few visible grains of molyb- 
denite have a molybdenum content of 0.005 percent. The situation of these 
molybdenite-bearing places in the area investigated is in good agreement 
with the curves of maximal molybdenum content of the plant ash. 

In Figure 9 the copper concentration curves of the ash of L. palustre are 
given. There are comparatively large differences in the concentrations, and 
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this observation at first seemed incredible, since no copper content was to be 
expected in the underlying rocks. The investigation of drilling cores, how- 
ever, solved this question because there is commonly a sparse dissemination 
of chalcopyrite. It was possible to state that an increase of 60 to 80 percent 
in the copper content of the ash of the leaves (curves in Figure 9 correspond- 
ing to a copper content of at least 160 ppm against the “barren area” with 
less than 100 ppm) was a result of a copper content of the underlying rocks 
of about 0.1 percent against about zero in the rocks beneath “barren areas.” 
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Fic. 11. Distribution of copper between the ash of leaves and twigs of 
Ledum palustre at Rautio. 


At Rautio samples of leaves and twigs were taken from the same plants 
and each analyzed separately. The comparison of the results of these analy- 
ses is very interesting, displaying some features of the distribution of molyb- 
denum and copper between leaves and twigs of the same plant. In this con- 
nection, however, it must be pointed out that botanically this comparison is 
not very correct, because the age of the twigs used was not determined. 
From the point of view of an ore prospector, however, even the comparison 
made in the present paper is of value, because it shows which parts of the 
plants are most suitable for his purpose. 
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Figure 10 gives graphically the distribution of molybdenum between 
leaves and twigs of L. palustre. This distribution seems to be haphazard, 
but most samples, however, show the same molybdenum content both in 
leaves and in twigs. Consequently, it seems that there is no difference 
whether an ore prospector in searching for molybdenum uses for his purposes 
leaves or twigs. 

In Figure 11 the distribution of copper between leaves and twigs of L. 
palustre is given, and here the picture is quite different. A few samples 
contain more copper in the leaves than in the twigs, but the bulk of the 
samples shows a distinct tendency to concentrate copper more effectively in 
the twigs than in the leaves, and therefore when copper prospecting is in 
question, twigs are very much more suitable than leaves. 


DISCUSSION, 


The investigations described above show, that in the conditions of the 
areas investigated, even comparatively small copper, zinc, nickel, and molyb- 
denum contents are distinctly reflected by the corresponding metal content 
both in the ground waters and in the plants growing on the rocks in question. 
This fact is interesting, but not very encouraging from the point of view 
of ore prospecting, since biogeochemical prospecting may indicate areas con- 
taining too little ore minerals. From observations made by botanists, the 
concentration of copper in plants does not increase linearly, but after reach- 
ing some value separately determined for each plant, the increase of the 
copper content of the plant will no longer reflect the increasing copper con- 
tent of the underlying rock as well as when comparatively small copper con- 
tents are in question. 

As to the possibility of using biogeochemical methods in Finland, the 
present author proposes that these methods should be used as complementary 
means for geophysical ore prospecting. For instance, if strong electric or 
magnetic anomalies from some region have been observed, but no knowledge 
of the character of the underlying ore minerals exists biogeochemical methods 
can be very useful. This depends upon the fact that in Finland, pyrrhotite 
and graphite will very often cause strong geophysical anomalies. For the 
ore prospector these minerals are of no value, and therefore it is important 
for him to know if minerals of the more valuable metals—copper, zinc, or 
nickel—are also present. Here biogeochemical methods are distinctly use- 
ful. Further, where ore causing no or only weak geophysical anomalies is 
in question (for instance molybdenum), biogeochemical investigation can 
be very helpful. 


HELSINKI, FINLAND, 
Jan. 19, 1953. 
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POLISHING PHENOMENA IN THE COPPER SULFIDES. * 
ALFRED D.’-WANDKE. 


ABSTRACT. 


The polishing of many sections of chalcocite, digenite, and covellite on 
the lead lap has shown that physical changes can take place which may 
affect the interpretation of textures, and that special care should be exer- 
cised in polishing this group of minerals. The changes are probably at- 
tributable to two causes: (1) a mechanical dragging and smearing of these 
minerals into each other, and (2) some type of surficial solid solution which 
is induced under the conditions encountered during polishing. The effects 
may be avoided by careful polishing on a cloth lap, but even with the cloth 
lap too much pressure must not be used. Most of the physical changes 
would probably be noticed during a microscopical examination, but “blue 
chalcolite” which might easily escape detection can be formed. 


INTRODUCTION. 


TuE polishing of many sections of chalcocite, digenite, and covellite during a 
study of this group of copper sulfides revealed that physical changes, which 
may affect the interpretation of textures, can take place during the polishing 
process. These changes may be due to elevated temperatures, mechanical 
stresses, or a combination of both factors. To avoid, insofar as possible, any 
effects which might be attributed directly to elevated temperatures, all speci- 
mens were mounted without pressure in a cold-setting plastic, and the tempera- 
ture of the lead polishing laps was checked by polishing the end of a thermo- 
couple embedded in chalcocite on the loaded lap. The highest recorded tem- 
perature was 55° C, but it is possible that the actual temperature at the im- 
mediate surface of the lap may have been considerably higher. This tempera- 
ture is considerably below the 68° C at which Sales and Meyer? report a 
noticeable change in some specimens of chalcocite. 


POLISHING EFFECTS PREVIOUSLY DESCRIBED. 


Little is to be found in the literature concerning the effects of polishing on 
individual minerals. Ramdohr* has warned against mistakes which may be 
made in polishing. To avoid smearing of minerals he recommends a short 
polish with a moist, not wet, abrasive and light pressure. He mentions the 
very fine color differences found in chalcocite and states that chalcocite with a 
poor polish appears much bluer than that with a good polish. That he has 

1 This paper is part of a thesis presented in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy at Harvard University. 

2 Sales, R. H., and Meyer, Charles, Results from preliminary studies of vein formation at 
Butte, Montana: Econ. Grot., vol. 44, p. 472, 1949. 


3 Ramdohr, Paul, Die Erzmineralien und Ihre Verwachsungen: Akademie Verlag, Berlin, 
pp. 289-291, 1950. 
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been able to obtain fine polishes by his method is shown by his photomicro- 
graphs, especially plate 215 on page 296 which shows excellent results on an 
intergrowth of chalcocite, digenite, and covellite. Turner, Benford, and 
McLean * have found reason to believe that a flowed, amorphous layer builds 
up on stibnite during polishing. Meyer ® states that “Immediately after re- 
moval from the water-cooled lead polishing laps, the boundaries between 
digenite and chalcocite are poorly defined and sometimes the two minerals 
cannot be distinguished from each other. Yet, after the polished briquette has 
been off the polisher for an hour or more (at room temperature), the bound- 
aries begin to clarify, and the color distinction between the two minerals be- 
comes apparent.” The writer has observed similar phenomena together with 
some modifications which are described below. 


BEHAVIOR OF CHALCOCITE AND DIGENITE DURING POLISHING, 


At the outset the writer noticed that, as reported by Meyer, after specimens 
of digenite and chalcocite had been polished on the lead lap, the field appeared 
blue and homogeneous upon first examination. Upon rechecking the same 
section some 12 hours later, the earlier homogeneous, pale blue field was found 
to be traversed by many discontinuous, irregular white streaks. These had 
the random orientation of scratches, and chalcocite appeared to be developing 
along each scratch (Fig. 1). At first it was thought that the appearance of 
this “bleeding” * of chalcocite was due in some manner to surface oxidation. 
When specimens showing this phenomenon were repolished, examination 
showed the field to be again homogeneous. In order to determine whether or 
not oxidation was responsible a specimen was repolished and immediately 
coated with collodion to exclude air, and left for 24 hours. At the end of that 
time the collodion was removed and the specimen re-examined. Observation 
under oil immersion showed the same bleeding as before. This was seen in 
all specimens from Butte and Magma which contained associations of chalco- 
cite and digenite. 

The Magma material distinctly showed three different shades of blue, but 
X-rays of each blue “mineral” showed only the lines of digenite. Repeated 
polishing revealed the same three shades, and bleeding of chalcocite along 
scratches invariably took place after polishing. Some parts of the specimens 
developed more chalcocite than others. In some of the Butte digenite, chalco- 
cite “splines” 7 were occasionally seen, but they were not found at that time 
in Magma digenite. Figures 2 and 3 show two shades of digenite, the lighter 
one containing chalcocite along the scratches. In areas of chalcocite the re- 

4 Turner, A. F., Benford, J. R., and McLean, W. J., A polarized light compensator for opaque 
minerals: Econ. Grot., vol. 40, pp. 31-32, 1945. 

5 Meyer, Charles, Unpublished Thesis, Harvard University, pp. 63-64, 1950. 

6 The term “bleeding” is used as the chalcocite does not have a regular distribution along the 


scratches. It is discontinuous and has the appearance of having splashed out along the line of 
the scratch. 


7 “Spline” is defined by Webster as, “A key in the form of a flat strip or feather, for insertion 


in a slot or groove between parts.” The word is appropriate to describe the tabular bodies of 
chalcocite found in digenite. 
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Fic. 1. Smeared digenite and chalcocite showing “bleeding” of chalcocite after 
polishing. Clear area at bottom is digenite without chalcocite.  X 800, Butte, 
Montana. 

Fic. 2. Digenite (light gray) containing chalcocite splines obliterated by polish- 
ing. The composition is between chalcocite and digenite, and the surface is lighter 
than unaffected digenite on right (medium gray). Bornite, black. X 800, Butte, 
Montana. 


verse may occur, and digenite is apparently dragged across white, anisotropic 
chalcocite (Fig. 4). The digenite streaks do not, however, appear to be con- 
fined to scratches, and they are not as irregular as the streaks of chalcocite. 
The majority of scratches are submicroscopic and are brought out only by the 
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formation of visible widths of chalcocite along them. They are best seen by 
use of a high power oil immersion lens. 
BEHAVIOR OF CHALCOCITE AND COVELLITE DURING POLISHING. 


The fact that covellite associated with white, anisotropic chalcocite will 
smear across the chalcocite surface was discovered while preparing a series of 





Fic. 3. Chalcocite (white) “bleeding” along scratches. Removal of the 
dragged surface would reveal digenite containing chalcocite splines. Medium gray 
areas are pure digenite. 800, Magma, Arizona. 

' Fic. 4. White, anisotropic chalcocite with digenite smeared across its surface. 
Clear gray areas, digenite. 800, Butte, Montana. 
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specimens for diffusion experiments. For these experiments small blocks of 
chalcocite and covellite were wired together, and one side of the composite 
specimen thus prepared was polished for microscopal study. It was noticed 
that the originally pure, white chalcocite now had a blue tinge. The specimen 
was polished further and studied under an oil immersion lens. It immediately 
became evident that a surface film had been smeared across the chalcocite 
rendering it generally a pale blue in which only scattered patches showing the 
normal color and anisotropism remained. Adjacent to the covellite-chalcocite 
contact there was an uneven zone in which the chalcocite was a darker blue and 
had all the appearance of digenite. Further careful polishing on a cloth lap 
removed this blue film from the chalcocite. 


EXPLANATION OF OBSERVED PHENOMENA, 
Ramdohr’s Theory. 


Ramdohr * has described the formation of a blue film on chalcocite and at- 
tributes the blue color to the formation of a surface film. Following the work 
of Buerger, who found that chalcocite can take up oxygen to form digenite, he 
attributes this film in part to the formation of a thin layer of Cu,(S,O), on 
the surface of the specimen. 


Explanation Advanced by the Writer. 


Theory of Smearing.—The writer does not accept the view that this sur- 
face film is caused by a type of oxidation, but believes that it is due, at least 
in part, to dragging and smearing of the chalcocite, digenite, and covellite sur- 
faces during polishing. The lead lap itself shows evidence of dragging. Mr. 
Charles Fletcher, the Department of Mining Geology laboratory technician, 
states that in addition to wearing down, the grooves which hold the abrasive 
are also obliterated by flowage of the lead of the lap. A minor amount of 
dragging between chalcocite and digenite easily obliterates the contact relations 
and thus adds to the difficulty of textual interpretations (Fig. 5). 

The thinness of the smeared film probably accounts for the manner in which 
chalcocite shows up by bleeding along the scratches. Submicroscopic scratches 
may penetrate this film of digenite and chalcocite, and due to some surface 
adjustment, possibly to relieve strain, the chalcocite shows up along the 
scratches. In Figure 2 the lighter shade of digenite, with chalcocite along the 
scratches, is actually digenite containing chalcocite splines. The darker ma- 
terial is digenite which does not contain chalcocite splines and shows its true 
color. This indicates that the blue color of the smeared surface is compounded 
from the white of chalcocite and the blue of digenite, and varies slightly. with 
the proportions of these minerals present. The occurrence of three shades of 
digenite in the Magma specimens previously mentioned is actually due to the 
presence of varying proportions of chalcocite splines in the digenite (Fig. 6). 
That these chalcocite splines were present did not become apparent even under 
high magnification until the specimens were polished as will be described later, 


8 Ramdohr, P., op. cit., p. 290. 
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Fic. 5. Chalcocite (light gray) rimming hole, digenite (medium gray) below; 
contact relations obscured by dragging. x 850, Butte, Montana. 

Fic. 6. Chalcocite splines (light gray) along octahedral directions of digenite 
(darker gray). The presence of this intergrowth was not discovered until specimens 
were polished on cloth lap. X 900, Magma, Arizona. 


The fact that sections of pure, white, anisotropic Michigan chalcocite, which 
contain no digenite or covellite, never show the formation of a blue surface 
film no matter how they are polished supports the contention that the surface 
film is due to mechanical causes and not to a type of oxidation. The smearing 
process is apparently confined to chalcocite, digenite, and covellite. These 
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minerals are not smeared over other minerals that may “be present, such as 
enargite and pyrite. The composition, ductility, and probably the structure 
of these copper sulfides influence the retention of the smeared layer. 

Filming not Explainable by Smearing—The phenomenon, described by 
Meyer, in which the chalcocite splines show up in their correct positions within 
a few hours after the specimen is removed from the lap has also been noted 
by the writer. In the sections examined the microscopical field was originally 
pale blue and homogeneous, but within a few hours the chalcocite splines com- 
menced to become evident and were easily seen at low magnifications in about 
24 hours. The splines, when they show up in this manner, are not as sharp 
and continuous as when the specimens are polished by the method to be de- 
scribed shortly. This indicates that some surface dragging may have taken 
place, but the fact that the splines show up without any mechanical removal 
of a surface layer makes it unlikely that their disappearance is due entirely to 
a mechanical dragging and smearing of the minerals concerned. The fact 
that the surface returns to its true state indicates that the homogeneous field 
first observed is unstable, perhaps due to some mechanically induced solid solu- 
tion, and returns to stability over a short period of time. Such a solid solution 
might possibly be induced by small particles of chalcocite and digenite on the 
lap. During the final polishing the lap becomes loaded with exceedingly small 
particles of minerals as the specimen is gradually worn down. Due to pressure, 
temperature, and fineness this material may enter into some type of solid solu- 
tion on the surface of the specimen, rendering it temporarily homogeneous. 
When the specimen is removed from the lap and the mechanical stress and 
elevated temperature are no longer present a readjustment takes place, and 
the chalcocite and digenite return to approximately their normal condition. 
The thin surface film is undoubtedly highly unstable, and diffusion of copper 
ions into a stable structure probably plays an important part in the readjust- 
ment. 

Some mechanism such as the foregoing must apply in this case, and the 
only place where extra material for solid solution may be picked up is from 
the surface of the lap. Even if the temperature is not high the development 
of a solid solution would be aided by the distortion of the mineral structures 
in a thin layer at the polishing surface. 


POLISHING TECHNIQUE, 


When it was realized that the lead laps were smearing and otherwise affect- 
ing chalcocite, digenite, and covellite, polishing was attempted on a billiard- 
cloth lap. As the nap on the billiard cloth is relatively long, the specimens 
were considerably scratched and developed a great deal of relief. A very 
satisfactory cloth to use is AB Microcloth, manufactured by Buehler, Lti., of 
Chicago, Illinois. This is a tight cloth of short nap which can be used very 
satisfactorily with magnesium oxide. 

The specimen may be rapidly ground down by hand on glass plates, using 
various sizes of abrasives and finishing with a fine abrasive such as American 
Optical Company No. 305. That the specimen must be thoroughly ground 
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down with each succeeding size of abrasive cannot be overemphasized. To 
facilitate the final polishing a thorough grinding with the fine abrasive is abso- 
lutely essential. If this is not done, polishing on the cloth lap takes too long 
and involves too much pressure with a consequent creation of relief and smear- 
ing of the minerals. The cloth lap should be cleaned with a small stiff brush 
after each use to be sure that the old abrasive is removed and the nap kept in 
good condition. The cloth must not be used too long since when the nap be- 
comes worn down more pressure is necessary during polishing and dragging 
is again produced. If the specimen is fully ground on the glass plate with the 
fine abrasive a very brief touching up on the cloth lap serves to give an excellent 
polish so that the chalcocite splines in digenite are revealed immediately. 

The hard minerals cannot be polished by this method without damaging 
the polish on adjacent soft minerals. They should be polished as usual on the 
lead lap. After the hard minerals are polished a brief touching up on the cloth 
lap will suffice to remove any dragging created on the lead lap. In this man- 
ner an excellent polish without distortion of textures can be made on both hard 
and soft minerals. Little relief will be created if the cloth lap is in good con- 
dition so that the final touching up is a brief one. 

Unmounted specimens can be ground by hand on the glass plates and 
polished on the cloth lap in about half an hour. The polish is very satisfactory 
for routine examinations. The method may be recommended because of its 
rapidity, when a large number of specimens are to be checked for special fea- 
tures. 


CONCLUSION, 


Most of the dragging effects and distortions of contact relations between 
chalcocite, digenite, and covellite would probably be noticed during any routine 
study of these minerals under the microscope. However, a danger does lie in 
associations of covellite and white, anisotropic chalcocite. In this case ap- 
parently blue, isotropic “chalcocite” may be formed during polishing, and the 
original minerals and textures could easily escape detection in any ordinary 
study, for the surface of the “chalcocite” may appear uniformly blue and there 
will be no later changes to indicate what has taken place during polishing. 
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DISCUSSION 


SOURCES OF ERROR IN THE DECREPITATION METHOD 
OF STUDY OF LIQUID INCLUSIONS. 


Sir: We wish to comment on a paper with the above title by T. E. 
Stephenson, recently published in this JourNaL (vol. 47, pp. 743-750). 
The author concluded that the decrepitation method is inadequate to deter- 
mine the temperature of filling of two-phase fluid inclusions by the liquid 
phase, one reason being due to leakage during heating. This and several 
other conclusions and observations are contrary to the results obtained in 
our laboratory. 

The decrepitation method of study of minerals and rocks has been under 
development at the University of Toronto for five years, by eight investiga- 
tors. Thirteen papers have been published and a large amount of data is 
being prepared for publication. We were able to establish that the method 
is useful for determining the temperature of filling of multiphase fluid inclu- 
sions by the liquid phase, keeping certain precautions in mind, the most im- 
portant being that there are many other causes of decrepitation. We have 
done enough work to be satisfied that some causes of decrepitation can be 
determined, and study of other kinds is in progress, but the highly complex 
nature of decrepitation precludes the probability that a possible simple hy- 
pothesis (such as Stephenson’s) adopted in the preliminary stages of devel- 
opment of the method will survive further data. Certain facts which make 
his explanation untenable are presented below. 

Stephenson assumed that 1) visible liquid inclusions cause decrepitation, 
and 2) all decrepitation is caused by visible liquid inclusions. The first 
assumption is only partly correct, and the second is wholly incorrect. We 
have concluded that soft and easily cleavable minerals are unsuitable for de- 
crepitation study, because visible liquid inclusions, which reach the one-phase 
condition at a certain temperature, apparently give no positive increase in 
rate of decrepitation at that temperature. This we have interpreted to be 
due to leakage or lack of sufficient snap, at the moment of breaking out, to 
be detected. The carbonate minerals are near the limit of this effect: only 
occasionally liquid inclusion decrepitation can be detected in these minerals 
by our present equipment, but usually no difficulty is experienced with 
slightly harder and tougher minerals, such as fluorite and sphalerite. This 
is not to say that the soft minerals do not decrepitate when heated. Soft 
hydrothermal minerals decrepitate loudly and frequently at much higher 
temperatures than that at which the visible liquid inclusions become one- 
phase, and the rate-temperature curve is characteristic. All compounds and 

1 Peach, P. A., Am. Mineral. 34, 413 and 460, 1949; J. Geol. 59, 32, 1951. Scott, H. S., 
Econ. Grot., 43, 637, 1948. Smith, F. G., Econ. Gror. 43, 627, 1948; Idem 44, 624, 1949; 
Idem 45, 62, 1950; Tr. Can. Inst. Min. Met. 54, 44, 1951; Min. Eng. 4, 703, 1952; Am. Mineral. 


37, 470, 1952. Smith, F. G. and Peach, P. A., Econ. Gror., 44, 449, 1949; Can. Min. Met. Bull, 
1949, 351. Smith, F. G. et al., Econ. Gror. 45, 582, 1950. 
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minerals crystallized in water solutions probably give this effect. Hydro- 
thermal minerals which give a good liquid inclusion decrepitation curve also 
give the higher temperature anomalous decrepitation, which suggests that 
the two types of decrepitation are not caused by the same kind of stress. 

The characteristics of the anomalous decrepitation rate curve are shown 
in Figure 1 (two preparations of sodium chloride), Figure 2 (calcite, sphal- 
erite, and quartz) and Figure 3 (calcite). It should be noted that the 
anomalous rate curve has no sharp beginning, accelerates over a substantial 
temperature range, reaches a peak value about 400-500° C, and usually falls 
faster than it rises. 

We have not determined the cause of the anomalous decrepitation, but 
suspect that it is related in some way to water in imperfections in the crystals, 
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Fic. 1. Decrepigraphs of sodium chloride crystals formed in water solutions. 
Three decades of range of rate are shown. Broken line: Baker’s C.P. fine crys- 
tals, heated at rate of 11.5° C/min. Solid line: The same, crystallized by rapidly 
boiling a saturated solution, at a measured temperature of approximately 109° C 
(— 80+ 200 mesh) heated at rate of 15.5° C/min. 


because the curve accelerates in rate somewhat like pressure along the vapor 
pressure curve, and the peak rate is near the critical temperature of salt 
solutions. Clear, transparent, hydrothermal minerals (such as optical grade 
calcite) give little or no anomalous decrepitation, but milky varieties of the 
same species give abundant anomalous decrepitation. The loudness of anom- 
alous decrepitation increases with size of fragments being heated, and there 
is considerable amount of comminution during decrepitation. 

We believe Stephenson confused the whole matter by recording in some 
cases decrepitation temperatures close to filling temperatures (probably due 
to filling) and in other cases decrepitation temperatures hundreds of degrees 
higher than filling temperatures (probably due to the anomalous effect). 
Since the anomalous rate curve increases in rate over a long temperature 
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Fic. 2. Decrepigraphs of stalactic calcite (dotted line), sphalerite from 
Pitcher, Oklahoma (solid line), and quartz from Hot Springs, Arkansas (broken 
line), all —40+ 80 mesh preparations. The following facts are noteworthy: 1) 
the detection of liquid inclusion decrepitation varies with hardness of the minerals, 
being nil for calcite, weak for sphalerite, and strong for quartz; 2) the shape of 
the beginning of the anomalous decrepitation rate curve is similar for the three 
minerals; 3) the cause of the well-defined peak between 500 and 525° C for sphal- 
erite has not been investigated; 4) the rise of the curve after the peak of the 
anomalous decrepitation of quartz probably is due to accelerated differential 
thermal expansion approaching its inversion temperature (573° C). 


range, and since the rate of decrepitation is a direct function of heating rate, 
it is not surprising that he found the beginning (i.e. above some arbitrary low 
rate) to be at higher temperatures for slower rates of heating. We have 
tested this more exactly. The number of detected pops in 10° C intervals 
were summed and recorded by a scalar and decade counter. When these 























Fic. 3. Decrepigraphs of calcite (—40+80 mesh) from Baxter Springs, 
Kansas, showing change in shape of rate curve with change in heating rate. 
Broken line: heating rate was 37.3° C/min., total pops recorded from 60° to 
560° C were 76,500 per gram. Solid line: heating rate was 8.75° C/min., total 
pops recorded from 60° to 560° C were 54,500 per gram. 





236 DISCUSSION. 





values were used to draw cumulative curves, rate curves, and acceleration 
curves, there were only minor differences in the shape of the curves when 
the heating rate was varied from 5° C to 50° C per minute. Two specimen 
decrepigraphs of calcite are shown in Figure 3. Even though the heating 
rates are different by a factor of 4, the rates of anomalous decrepitation vs 


temperature are very similar. 


However, it is more important to consider the effect of rate of heating on 
liquid inclusion decrepitation. We made a series of runs using sphalerite 
from O’Connor Lake, N.W.T. Canada. This material is excellent for the 
purpose because it is transparent, light colored, in large drusy crystals and 
contains abundant, large, two-phase fluid inclusions. All variations except 
heating rate were kept at a minimum. The runs were made so that the data 
could be used to answer two questions: 1) does the decrepitation temperature 
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Fic. 4a. Decrepigraph (due to liquid inclusion filling) of sphalerite from 
O’Connor Lake, N.W.T., Canada, showing change of shape of rate curve with 
change in heating rate. Solid line: heating rate was 42.7° C/min. (Run 7). 


Broken line: heating rate was 2.4° C/min. (Run 5). 


Fic. 4b. Data of Table 1 plotted to show change in total number of pops from 


60 to 240° C with change in heating sate. 


increase with decrease in rate of heating, and 2) do all of the inclusions leak 
before exploding? The data are shown in Table 1 and Figure 4. The de- 
crepitation temperature did not vary with heating rate more than + 10° C. 
There were fewer recorded pops at slower heating rates, possibly due to 
leakage. The shape of the curve of number of pops vs heating rate shows that 
not all of the inclusions leak (otherwise the projection to zero rate would 
be to zero number, instead of approximately 6000). Assuming that leakage 
of some inclusions causes this effect, approximately one third leak and two 
thirds do not leak. This fraction of the inclusions that leak is compatible 
with the fraction that can be seen under the microscope to leak when a 


polished thin section of the mineral is overheated 100° C. 


Decrepitation due to filling of two-phase fluid inclusions by the liquid 
phase gives a curve of rate vs temperature which has a second order discon- 
tinuity near the temperature of filling determined by direct observation under 

















DISCUSSION. 237 


TABLE 1. 


DECREPITATION TEMPERATURES AND CUMULATIVE NUMBERS vs HEATING RATE. 
Sphalerite from O’Connor Lake, N.W.T., Canada. 














Run Heating rate Decrep. temp. Total pops 
No. °C/min. a 60-240°, per gm. 

1 25.0 145+10 8420 

2 16.5 14245 6720 

3 5 | 140+5 6020 

4 31.4 148+10 8320 

5 2.4 14445 6440 

6 19.1 148-+5 7600 

7 42.7 140 +20 8880 

| 











the microscope (Figs. 2 and 4a). It is important to realize that the term 
“decrepitation temperature” as originally used refers to the temperature of 
a second order discontinuity of rate of decrepitation during heating, and 
not to the temperature at which the rate of decrepitation rises above some 
arbitrary low level. 

Stephenson painted a discouraging picture of imperfect correspondence 
of microscopic and decrepitometric data, but there was an unfortunate choice 
of minerals for his tests. In addition to the soft minerals which are unsuit- 
able for the reasons discussed above, he included pegmatitic minerals which 
generally are so clouded with secondary inclusions that some decrepitation 
due these is to be expected. In the three cases in which secondary inclu- 
sions were studied by the two methods, he recorded values which would be 
satisfactory to us. 

It is our practice to monitor decrepitation results with microscopic exami- 
nation when possible. We have found fairly good correspondence between 
the calculated temperature of filling of two-phase fluid inclusions (from 
bubble/liquid ratios) and decrepitation temperatures. Recently we con- 
structed a heated microscope stage and calibrated it with the melting points 
of several metals and compounds up to 500° C. The temperature readings 














TABLE 2. 
COMPARISON OF VISUAL FILLING TEMPERATURES AND DECREPITATION TEMPERATURES. 
Mineral | Locality Pyins temp: wien ems 

Sphalerite | O'Connor L., 140-158 144+5 (Wt. Mean, Table 1) 

N.W.T., Can. 
Sphalerite | Pitcher, 112-122 129+10 

| Okla., U.S.A. 

Fluorite Aberfoyle Tin Mine, 144-152 138+10 

Tasmania 
Cassiterite Aberfoyle Tin Mine, | 142-149 145 +20 

Tasmania 
Topaz Belgian Congo | 281 286 +20 
Quartz Hot Springs, 130-162 157+10 

Ark., U.S.A. 
Quartz Liallagua, 340-346 350+10 

Bolivia 
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are accurate to + 5° C which is about the same accuracy as good determina- 
tions of the temperature of inflection points on decrepigraphs. Only a small 
number of heating stage determinations have been made, but there seems 
to be reasonably good agreement between the temperature of filling by the 
liquid phase and decrepitation temperatures (as defined above). The data 
are shown in Table 2. We would place somewhat more reliance on the de- 
crepitation values, because they are based on the summation of effect of many 
thousands of inclusions whereas the visual determinations were made on a 
few (of the order of 10) determinations in each case. 

Stephenson’s statement that so much microscopic examination would 
have to be made to interpret the decrepitation results that the latter become 
unnecessary is more rhetorical than instructive. Among the metallic sul- 
phides of economic importance, only sphalerite is occasionally transparent 
enough for microscopic examination in visible light. It is true that vein 
quartz often contains a great abundance of planes of secondary fluid inclu- 
sions and the decrepitation method may detect only the temperature of filling 
of those with the greatest degree of filling (lowest temperature of filling), 
but this may have some importance (Smith, 1950). It might be difficult in- 
deed to find (among many thousands or millions of inclusions) those with 
the greatest degree of filling by the heating stage method, but such deter- 
minations have been made in this laboratory at the rate of 50 in one day by 
one operator using the decrepitation method. 

We are convinced that the decrepitation method is very useful and will 
become more so as the causes of the various effects are determined. At the 
present stage of development, decrepitation analysis gives data on: 


1) temperature of filling of multiphase inclusions by the liquid phase, 

2) temperature of misfit of solid (crystalline) inclusions (Smith, 1952), 
3) temperature of decompositions, 

4) temperature of fast inversions. 


The combination of 1) and 2) above, since each gives a temperature-pressure 
relation, may allow calculation of the unique temperature and pressure of 
crystallization of minerals. 

F. G. Smiru. 

W. M. Litt e. 


DEPARTMENT OF GEOLOGICAL SCIENCES, 
UNIVERSITY OF TORONTO, 
Toronto, CANADA, 
Dec. 23, 1952. 





SCIENTIFIC COMMUNICATIONS 


PUERTO RICO BENTONITE DEPOSIT. 


The U. S. Geological Survey, in cooperation with the Puerto Rican Eco- 
nomic Development Administraiton, has made a preliminary investigation of 
a bentonite deposit located on the western end of the island of Puerto Rico, 
about a mile and a half southeast of Aguada, Barrio Malpaso. Its existence 
has been known for some time, but it has not been developed or previously 
studied. It appears to be of considerable size, and, as it occurs in an area of 
easy access and is only a short distance from the railroad leading to the port 
of Mayaguez, it is hoped it will prove of some economic importance. The 
rock is light-greenish to yellowish-white, waxey, compact, dense, smooth, and 
hard like beeswax. It is generally the non-swelling variety of bentonite, hav- 
ing the ability to slake or break down to a gel when added to water. Analysis 
in the Washington laboratory of the Geological Survey showed that it is com- 
posed primarily of montmorillonite clay, together with a small amount of 
quartz; that there is an abundance of sodium present and some calcium. 
Where exposed the layer measures up to 30 feet in thickness; it dips at an 
angle of about 24 degrees and it appears to follow the regional structure of the 
surrounding volcanic rocks. This particular variety of bentonite is the type 
most suitable as an absorbent clay; for bleaching or clarification of liquids. 
Its chief use is in the field of petroleum refining, where the nonswelling, 
calcium-rich and iron-poor varieties are sought. A preliminary report entitled 
“Bentonite Deposit—Aguada, Barrio Malpaso, Puerto Rico,” accompanied by 
sketch maps showing the location and general association of the major deposits, 
was prepared by R. J. Smith and R. B. Guillou. This report has been placed 
on open file and copies may be inspected at the Geological Survey Library, 
Room 1033, General Services Building, Washington, D. C., and at the Indus- 
trial Laboratories of the Puerto Rican Economic Development Administra- 
tion, Hato Rey, Puerto Rico. 
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Traité de Tectonique. By Jean GocueL. Pp. 383; figs. 203. Masson & Cie., 
Paris, 1952. 2400 fr. (appr. $7). 


Though structural geology owes much to the work of French and French- 
speaking geologists, the book under review appears to be the first textbook on the 
subject in the French language. French ideas on structural geology have largely 
grown out of research in western Europe, particularly in the Alps, and as a result 
they differ in several respects, especially in emphasis, from American ideas, which 
have of course stemmed mainly from the quite different geology of North America, 
notably the Canadian shield and the Mid-continent oil fields. Consideration of 
such differences can be very stimulating, and many American geologists will find 
new ways of looking at familiar phenomena in Goguel’s book. Thus the contrast 
between structure in, or reflecting, the basement and that independent of the 
basement is stressed throughout, for in Europe and North Africa, where gypsiferous 
Triassic is so widespread in the belts of Mesozoic and Cenozoic deformation, that 
contrast is far more striking than in most parts of North America (or even in the 
areas of solely Paleozoic deformation in Europe). 

But there is more in this book than variant interpretations of structural features. 
Goguel is not only an able field geologist (his work has been chiefly in the southeast 
of France) but a geophysicist as well, familiar both with the practical methods of 
geophysics (and their limitations) and with the physics of deformation and its 
bearing on structural geology. The chapters on the dynamics of rock deformation 
(IV, XII, and XIII) contain considerable basic material not to be found in any 
other textbook of structural geology known to the reviewer. It is time that geolo- 
gists generally faced up to the geological implications of the best physical thinking 
on deformation; Goguel’s discussion of these matters is authoritative and at the 
same time not hidden behind a barrage of the mathematical formulae so formidable 
(rightly or wrongly) to most geologists. 

Of the usefulness of the book as an introductory textbook in structural geology 
in French universities, Americans are obviously not qualified to speak, though they 
will wonder at the order of subjects—the book leads into structural geology through 
chapters on geomorphology and stratigraphy as clues to structure, and the following 
chapter plunges into such profound questions as the orientation of cleavage with 
respect to the causative stress and the validity of the conclusions of petrofabrics 
(Gefiigekunde), before there has been any discussion of the elements of folds and 
faults, let alone cleavage, schistosity, and mineral orientation, which indeed are 
never adequately covered. It is unfortunate also that the book bears the traces 
of haste if not carelessness in execution; certain of the diagrams, though com- 
mendable, are mostly of actual structural features rather than idealized ones and 
seem rather crude, thus losing much of their illustrative value. Again, the impor- 
tant passage introducing the Mohr circles (p. 175) seems to this reviewer to fail 
to make clear what those circles are (for example, in what plane they are drawn), 
and thus introduce an unnecessary difficulty at the start of what must in any event 
be a difficult chain of reasoning for the average geologist. 
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But these are minor defects beside the solid virtues of the book, especially its 
critical evaluation of many of the controversial matters in tectonics. Perhaps its 
greatest value to American geologists will be to introduce them to the ideas and 
results of the outstanding group of structural geologists, of whom Goguel is one, 
now writing in French. 

Joun Ropcers. 

YALE UNIVERSITY, 

New Haven, Conn., 
February 2, 1953. 


Mining Geology: Journal of the Society of Mining Geologists of Japan. En1- 
TOR, TAKEO WATANABE. Geological Survey of Japan, Department of Economic 
Geology, Tokyo, 1952. 

Volume I, No. 1. Pp. 62; pls. 2; figs. 16; tbls. 31. 

Volume I, No. 2. Pp. 62; pls. 8; figs. 40; tbls. 32. 

Volume II, No. 3. Pp. 48; pls. 9; figs. 18; tbls. 10. 

Volume II, No. 4. Pp. 64; pls. 2; figs. 45; tbls. 13. 

The first two volumes of this new journal in the field of Economic Geology 
have just come to hand. This is a new venture by Japanese economic geologists 
under the able editorship of Takeo Watanabe. 

These volumes consist of two numbers each, published during 1952, but Volume 
I, No. 1 is credited to 1951. The articles are written in Japanese, but the back 
cover carries the contents in English and some of the articles have an English 
summary. Some future articles will be written in English. 

Volume I carries the thoughtful presidential address of the first president, 
Rokuro Yagyu, on Recent Trends in Mining Geology and Exploration of Ore 
Deposits in Japan. An article running through the first three numbers is by 
Yoshikazu Horikoshi, on Fundamental Studies of Kuroko Deposits, with Special 
Reference to the Hanaoka Mine. In these he discusses the fundamental character 
of the three kinds of ore from these base metal deposits and calculates the mean 
value of the ratio of Cu, Pb and Zn of each kind of ore, supported by many analyses. 

The first volume also carries articles by Terumi Miyake on Microscopic Analysis 
of Mill Products of the Hosokura Flotation Concentrator, in which he shows that 
most of the silver is carried with the galena; by Toshinori Matsukuma on the 
Gold-Silver Ore Deposits of the Asahi Mine, Oita Prefecture, where epithermal 
gold-silver, quartz-adularia veins are due to Tertiary volcanism giving rise to three 
stages of gold deposition; by Takeo Watanabe, Takeshi Nakamura and Kensuke 
Ishii on the Ore Deposits of Kishu Mine as related to Structural Features, in 
which shallow copper veins in Mesozoic and Tertiary sandstone-shale beds are 
structurally located in a warped fault vein. 

Volume II contains President Rokuro Yagyu’s address to the second annual 
meeting of the Society, on the Study of Hydrothermal Alteration in Mother Rocks 
to Aid Exploration for Ore Deposits; Features of the Ore Deposits of the Kawa- 
yama Mine, by Eiichi Nomura and Tomoyuki Honda; a special address on 
Methods of Mining Geology, by Chikao Nishiwaki, and abstracts of papers sub- 
mitted to the meeting in Tokyo. 

Number 4 of Volume II carries articles by Noriyasu Muto, on the Systematic 
Arrangement of Veins at the Fuke Mine, Kagoshima Prefecture; by Jitsutaro 
Takubo and Yasuo Ukai, on the Contact Deposits of the Nakatatsu Mine, Fukui 
Prefecture, and a paper by Goro Asano on the Mode of Occurrence of Vugs or 
Microvugs and their Significance to the Epithermal (or Xenothermal) Minerali- 
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zation at the Ashio Mine, Tochigi Prefecture, in which the author discusses the 
three kinds of modes of occurrence of vugs, the relation to geologic structure, and 
mineralizing solutions and the order of mineral crystallization and direction of 
crystal growths. 
TAKASHI Fujii, 
YALE UNIVERsITY, 
New Haven, Conn., 
March 1, 1953. 


The Origii of Metamorphic and Metasomatic Rocks. By Hans REMBERG. 
Pp. 317; figs. 130. University of Chicago Press, 1953. Price, $10.00. 


In this excellent volume, the author brings to bear his wide experience as 
research geologist for the Norwegian Defense Laboratory, as Chief Geologist for 
the Geological Survey of Greenland, and presently as Associate Professor of 
Petrology at the University of Chicago. Some of his pictures of gneiss and 
folded and replacement pegmatites on Greenland are most striking. The author 
has applied the theory and principles of crystal chemistry and thermodynamics 
to the study of metamorphic and metasomatic deep-seated rocks. The new thoughts 
in relation to solids and reactions in the solid state are woven into the discussions 
as well as the theory of equilibrium in heterogeneous crystalline systems. 

The subject matter is handled under 18 headings in which there is taken up 
the thermodynamics of metamorphic processes, equilibrium decigrams, kinetics, 
properties, metasomatism, metamorphic differentiation, granitization, and tem- 
peratures during metamorphism. 

The book is not overly illustrated and the subject matter is full of meat for the 
specialist in petrology. Every student of advanced petrology will have to make 
its acquaintance. 


Fundamental Research on Occurrence and Recovery of Petroleum, 1950-51. 
Lioyp E. ELxins, CHAIRMAN. Pp. 263. American Petroleum Institute, 
Baltimore, 1953. Price, $6.00. 


This is the fifth such volume gotten out by the American Petroleum Institute. 
It includes the reports and publications of the Directors of the several projects 
in fundamental research being sponsored by the Institute during 1950-51. This 
volume is concerned with five of the projects, namely, The Behavior of Fluids in 
Petroleum Reservoirs (No. 37), Observations of the Role of Bacteria on the 
Origin of Oil (43a), Possible Influences of Radioactivity on the Origin of Oil 
(43c), Fluid Movements Through Petroleum Reservoirs—Macroscopic Behavior 
(47a)—Microscopic Behavior (47b). Some of the projects have been running 
for several years; others terminated on July 1, 1952. Project No. 37 has 10 
articles occupying 90 pages; Project No. 43 has 13 articles occupying 138 pages; 
Project No. 47 has 4 articles occupying 30 pages and Project No. 51 has 1 article 
occupying 1 page. Five appendices occupy 6 pages. 

As in the previous volumes there are presented concise statements of the many 
subdivisions of each research project, and the whole gives the most up-to-date 
knowledge of the many aspects of each of these major and important projects. 
It is interesting to note that the question of the effect of radioactivity on the 
origin of oil may not, after all, be a dead problem. 

The geological and scientific fraternity continues to owe a debt of gratitude to 
the farsightedness of the American Petroleum Institute in initiating and sponsoring 
such fundamental research in petroleum. 
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Problems of Clay and Laterite Genesis. A Symposium. “Pp. 240. American 
Institute of Mining and Metallurgical Engineers, New York, 1952. Price, $6.00, 
$4.20 to AIME members. 


This book is made up of a Foreword by Messers Robie and Kennedy, an Intro- 
duction by A. F. Frederickson, and 16 separate articles by twenty well-known 
experts on clays, bauxite, laterites, crystal structure and mineral technology, fol- 
lowed by discussions. As a composite volume for practical research purposes, 
the book deals with basic problems in terms of occurrence, identification, and 
genesis of clays and the hydroxide minerals of aluminum and iron. In scope it 
ranges from prospecting techniques to interpretation of x-ray and other experi- 
mental data as related by experts in the field from here and abroad. 

Problems of clay-mineral identification and genesis are discussed with special 
attention to limitations of various instruments and techniques: differential thermal, 
x-ray, electron microscope, and others. 

Genesis of famous clays and bauxite ores of Arkansas, Pennsylvania, and 
Missouri is reviewed individually, marshalling much new information. Recent 
work on the equilibrium relationships in the system Al.O;—H,O is presented and 
the genetic significance of the results contrasted with those obtained from field 
studies of these ores. 

This authoritative volume outlines the frontiers of knowledge of the applied, 
economic and research aspects of clays and related hydroxide minerals. It is a 
book every geologist who is interested in weathering, clays, bauxite and laterite 
formation will wish to have. It will serve as a general reference on the subject. 


The Institute is to be congratulated for arranging and publishing such a fine 
volume. 


Record of the Rocks. By Horace G. Ricuarps. Pp. 413; figs. 294. Ronald 
Press Company, New York, 1953. Price, $6.00. 


This handsomely printed and illustrated book is written to capture the interest 
of scientifically inclined lay readers of historical geology, drawing on eastern 
North America for examples. 

The historical part is preceded by brief sections on How Rocks are Formed, 
The Geologic Timetable, How Geologists Read Rocks, Movements of Land and 
Sea, What is a Fossil, A Classification of Animals and Plants, and The Origin of 
the Earth. These preliminary chapters occupy 92 pages. The remaining 298 
pages consist of 18 chapters each devoted to the successive geologic periods. 
Under each chapter are given the rock formations, with abundant pictures, cross 
sections and paleogeologic charts. The Mesozoic and Cenezoic are given the 
greatest emphasis because of the abundance of fossils in the Atlantic Coastal 
Plain region. The author incorporates the results of his own investigations and 
interpretations in these areas. Any student of geology will find this book to be 
interesting reading. 


Copper Venture. By KennetH Brapiey. Pp 112; figs. 24. Mufulira Copper 
Mines, Ltd. and Roan Antelope Copper Mines, Ltd., London, 1952. 


This book is the story of the discoveries of the Copper-belt in Northern 
Rhodesia, and of the particular discoveries and development cf the Roan Antelope 
and Mufulira mines until their production started in 1931-32. The publication 
was authorized by the offices of the organization and Mr. R. L. Prain has written 
the foreword. 
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It is a story of pioneers in this area. It starts first with the story of Cecil 
Rhodes and his part in exploring the Rhodesias, and in the discoveries and devel- 
opment of Northern Rhodesia. The old prospectors who made first discoveries 
are given their credit, and the operations of the early prospecting companies are 
unfolded. The real start was the staking of claims by William Collier in 1902 
but actual activity began when A. Chester Beatty took interest in the region in 
1925. We learn of the early part played by Russell J. Parker, T. Field, Arthur 
Storkey, Anton Gray, Austin Bancroft and others, and of the initiation of mining 
operations by David D. Irwin, and of the welding of British and American interests. 
Largely, the book is a great tribute to A. Chester Beatty who is credited with this 
fine example of Empire building. 

It is an interesting story, well written and well authenticated, and gives a fine 
picture of the development of the greatest individual copper-belt in the world within 
the space of a quarter-century. 


Foundation Engineering. By Ratpn B. Peck, WALTER E. HANSON AND 
Tuomas H. THornzurn. Pp. 410; pls. 22; figs. 143; tbls. 17. John Wiley 
& Sons, Inc., New York, 1953. Price, $6.75. 


The cover jacket states “the first elementary but comprehensive treatment of 
foundation engineering since the advent of soil mechanics.” The book is arranged 
in four parts. Part A is largely soil mechanics, starting with the identification 
of soils and rocks, their physical properties, character of natural deposits, and 
techniques of subsurface investigations. Part B deals with types of foundations 
and methods of construction. Part C, the meat of the book, treats of the selection 
of foundation type and basis for design. Part D relates to structural design of 
foundation elements. 

The book is a very practical one for civil engineers, and relates geology to 
foundation engineering. 


The Radiant Universe. By Grorce W. Hitt. Pp. 489. Philosophical Library, 
New York, 1953. Price, $4.75. 


The unusual title of this book is followed by an unusual viewpoint based upon 
viewing all things in the Universe as consisting solely of radiation. Book I deals 
with Radiation and its nature; first setting up an hypothesis—Basic Radiation 
Maintains Matter; Matter Maintains Basic Radiation. Book II treats of the 
stars. Book III is entitled Origins in the Solar System. Book IV, called Origins 
in the Earth, considers Creation, Geologic Evolution, Revolutions, Geosynclines, 
Ocean Basins, Crustal History, etc., closing with Coal and Oil Deposits. Book V 
deals with Galactic Systems, and Book VI with Gravitation. 

Book IV, dealing mostly with geological features, is divided into 24 chapters, 
most of which are one to three pages long. Under the Origin of Coal and Oil, 
the author postulates that the vegetable matter of coal deposits was transported 
into dammed-up valleys by glaciers, which had removed and comminuted the 
vegetable cores and carried them into the lakes. The glaciers also dug up whole 
trees and the subsoil, transporting them in an upright position to the sites of 
deposition in the lakes, accounting thereby for the in situ roots and stumps found 
in coal beds. Coal and oil deposits are considered to have a common origin, “the 
oil deposits have evolved from land vegetable remains deposited through glacial 
action, in the same manner as in the case of coal, but, that the deposits from which 
oil developed were coastal deposits instead of lake deposits.” 

After reading this chapter the reviewer had little interest in sampling the other 
23 chapters of Book IV. 
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BOOKS RECEIVED. 
FRANK G. LESURE. 
U. S. Geological Survey—Washington, 1953 


Circ. 236. Preliminary Results of Radiometric Reconnaissance of Parts of 
the Northwestern San Juan Mountains, Colorado. W. S. BurBANK AND 
Cuar_es T. Prerson. Pp. 11; pls. 2; tbls. 3. 


Circ. 239. Uranium Deposits of the Bulloch Group of Claims, Kane 
County, Utah. E. P. Beroni, F. A. McKeown, F. Stucarp, Jr., AND 
G. B. Gotr. Pp. 9; pls. 3; figs. 3; tbls. 3. 

Circ. 244. Reconnaissance for Radioactive Deposits in the Vicinity of 
Teller and Cape Nome Seward Peninsula, Alaska, 1946-47. M. G. 
Wuirte, W. S. West, AND J. J. Matzxo. Pp. 8; pls. 2; tbls. 2. 

U. S. Atomic Energy Commission—Oak Ridge, Tennessee, 1953. 
13th Semiannual Rept. of the Atomic Energy Commission. Pp. 210. 


RMO-927. Examination of the Stalin’s Present Mine, Pershing County, 
Nevada. T. P. ANDERSON AND G. G. WAppELL. Pp. 11; tbls. 2. 


Report of the Committee on the Measurement of Geologic Time. National 
Academy of Sciences, National Research Council, Publ. 245, Washington, 1953. 
Pp. 151. Price, $1.50. Summary report for 1951-53, contains annotated bilbli- 

ography of articles related to measurement of geologic time. 

Arctic Solitudes. Apmirat Lorp Mountevans. Philosophical Library, New 
York, 1953. “Pp. 143; figs. 24. Price, $4.50. Concise history of the various 
polar exploration expeditions, with accounts of whaling, bear hunting, and 
Eskimo life, by an explorer himself. 

Alkali-Aggregate Reaction in California Concrete Aggregates. RicHArp MEr- 


RIAM. California Division of Mines, Special Rept. 27, San Francisco, 1953. 
Pp. 10; figs. 12. Price, 35 cts. 


Fossil Spores of the Alleghenian Coals in Indiana. G. K. Guennev. Indiana 
Geological Survey, Progress Rept. 4, Bloomington, 1952. Pp. 40; pls. 4; 
figs.9. Price, $1.00. Discusses use of fossil spores in correlation of coal seams. 


State Geological Survey of Kansas—Lawrence, 1952. 


Bull. 96, Pts. 8 and 9. Orthography as a Factor in Stability of Stratigraphi- 
cal Nomenclature. Raymonp C. Moore. The Red Eagle Formation in 


Kansas. Howarp G. O’Connor AnD JoHN Mark Jewett. Pp. 331-372; 
pl. Tae. 45 


Bull. 98. Geology and Ground-Water Resources of the North Fork Solo- 
mon River in Mitchell, Osborne, Smith and Phillips Counties, Kansas. 
AtvIN R. Leonarp. Pp. 150; pls. 10; figs. 18; tbls. 15. 


North Dakota Geological Survey—Grand Forks, 1953. 


Circ. 8. Summary of the Hunt Oil Company Shoemaker No. 1 Well, Mc- 
Henry County, North Dakota. Sipney B. ANperson. Pp. 2 


Circ. 9. Summary of the H. L. Hunt Oil Company Oliver Olson No. 1, 
Bottineau County, North Dakota. Sipney B. Anperson. Pp. 2. 
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Circ. 10. Summary of the Ajax Oil Company Bell No. 1 Well, Pierce 
County, North Dakota. Sipney B. ANperson. Pp. 14. 


Circ. 11. Summary of the Barnett Gaier Well No. 1, Stutsman County, 
North Dakota. Sipney B. ANpDErRsoNn. Pp. 9. 


Economic Geography of Ohio. A.trrep J. Wricut. Ohio Geological Survey, 
Bull. 50, Columbus, 1953. Pp. 217; figs. 89; tbls. 46. Price, $1.00. Describes 
the development of agriculture, mineral industries, manufacturing and commerce. 


Geology and Mineral Resources of Donegal Quadrangle, Pennsylvania. M.N. 
SHAFFNER. Pennsylvania Topographic and Geologic Survey, Progress Rept. 
141, Harrisburg, 1952. 1 sheet. Jncludes geologic maps and short description 
of geology. 


Boundary of the Pennsylvanian and Permian (?) in the Subsurface Scurry 
Reef, Scurry County, Texas. W. A. Heck, K. A. YENNE, AND L. G. HEN- 
BEsT. Bureau of Economic Geology, Univ. of Texas, Rept. of Inv. 13, Austin, 
1952. Pp. 18; pl. 1; figs. 5. Price, 30 cts. 


Status of Development of Selected Ground-Water Basins in Utah. H. E. 
Tuomas, W. B. Netson, B. E. Lorcren, anp R. G. Butter. Utah Geological 
Survey, Tech. Publ. 7, Salt Lake City, 1952. Pp. 96; figs. 27; tbls. 10. 

Australian Bureau of Mineral Resources, Geology and Geophysics—Mel- 

bourne, 1952. 


The Australian Mineral Industry Review, 1951. Pp. 194. Annual report. 
The Australian Mineral Industry, vol. 5, no. 2. Pp. 29-58. 

Geological Survey of South Australia—Adelaide, 1952. 

Annual Rept. of the Director of Mines and Government Geologist for 1951. 
S. B. Dickenson. Pp. 20. 

Rept. 35-1. Origin of Alunite Deposits at Pidinga, South Australia. D. 
Kinc. Pp. 17; pls. 3; figs. 4; tbls. 4. 

Annales Géologiques du Service des Mines de Madagascar. Fasc. XIX. Im- 
primerie Nationale, Paris, 1951. Pp. 188; pls. 20; figs. 27. Descriptions of 
Lower and Upper Cretaceous faunas, in three articles by Maurice Collignon. 

Memorias de la Primera Convencion Interamericana de Recursos Minerales. 
Instituto Nacional para la Investigacion de Recursos Minerales, Mexico, 1951. 
Pp. 368. Contains many short papers presented at the first Inter-American 


convention on mineral resources held in Mexico City, October 29-November 4, 
1951. 


Waterberg Coalfield Record of Boreholes 41 to 100 drilled for the Department 
of Mines. Union of South Africa Dept. of Mines, Geol. Ser. Bull. 21, Johannes- 
burg, 1951. Pp. 381. Price, 7s. 6d. 


Revista de Hidrocarburos y Minas. Ano II, nim. 7. Ministerio de Minas e 
Hidrocarburos, Caracas, Venezuela, 1952. Pp. 176. 














SCIENTIFIC NOTES AND NEWS 


Joun P. McKee has resigned his position as assistant chief geologist of the 
Jones & Laughlin Steel Corp. Mr. McKee is now associated with R. G. Comer in 
an independent exploration venture. 


L. W. ALLEN has resigned as assistant manager of Nchanga Consolidated Copper 
Mines Ltd., and has been made manager of Rhokana Corp., Ltd. 


T. S. ANDERSON has left England for the Central Provinces Manganese Ore Co., 
Ltd., Nagpur, India. 


T. J. Hunt has recently moved to Hardy Mine, Levack, Ontario, a subsidiary of 
Falconbridge Mines, Ltd. 


M. G. STONER is now working with Gold and Base Metal Mines of Nigeria, 
Ltd., at Jos. 


Tue East-CentraL Section AssociATION oF GEOLOGY TEACHERS will hold its 
annual meeting at the University of Cincinnati, Cincinnati, Ohio, April 10-11. 
John L. Rich will act as honorary chairman. Friday sessions: Symposia of “Ele- 
mentary Geology” and “Reaching Prospective Students.” President V. E. Nelson, 
Chairman; annual dinner; illustrated lecture by Dr. R. H. Durroll, “Cascade Vol- 
canoes.” Saturday session: Field excursions in the Cincinnati area. 


Rozert H. Netson and Irvine G. Irvinc announce their association as Mining 
Consultants at Room 43 Hirbour Building, Butte, Montana. 


Tue GroLocicaL Society oF Brazit has elected Atceu Fasio BARBOSA, as 
President; PauLo pE Castro Nocuerra and EMMANOEL AZEVEDO MARTINS, as 
Vice-Presidents and Rut Rrserro Granco, as Secretary. 


PauL Niccui died of a heart attack on January 13th at the age of 64. 


EpWAkp STEIDLE, dean of the School of Mineral Industries at the Pennsylvania 
State College since 1928, will retire with emeritus rank on June 30, and Etsurt F. 
OsBorN, associate dean of the School, will succeed him. 


Josern F. Harrincton, U. S. Geoiogical Survey, is now en route to Bogota, 
Colombia, on a Point Four assignment by request of the two governments of Co- 
lombia and Ecuador. He will give technical advice on mineral resources develop- 
ment in those countries and will serve as technical advisor to the two governments 
through the Institute of Inter-American Affairs, representing the United States 
Government. In cooperation with local mineral technicians he will assess the 
mineralized areas and help determine which of the known mineral commodities 
should receive first consideration for exploration and developmnt. In addition, 
Mr. Harrington will aid in the selection of young technicians for in-service and 
specialized advanced training in the United States. 


Joun Emery Apams, Senior Geologist, Standard Oil Company of Texas, Mid- 
land, Texas, will become 37th president of the American Association of Petroleum 
Geologists on March 26. Serving with him on the Executive Committee will be 
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Morean J. Davis, as past-president ; vice-president Lestiz M. Ciark, director and 
vice-president, Pacific Petroleums Ltd., Calgary, Alberta; secretary-treasurer EL- 
Liott H. Powers, vice-president, Southern Production Company, Inc., Fort Worth, 
Texas; and, as editor of the A.A.P.G. monthly Bulletin of Petroleum Geology, 
ARMAND J. Earpiey, chairman, Division of Earth Sciences, University of Utah, 
Salt Lake City. 


Tue U. S. GroLocicaL Survey announces the publication of Circular 225 by 
MicHAEL:FLetscHer, K. J. Murata, JANET D. FLETCHER and Perry F. NartTeN, 
in which the authors, seeking new sources of niobium (columbium) needed in the 
manufacture of alloys for jet engines, report on its mineralogical association in 
this country with certain bauxite deposits and titanium minerals. It averages in 
bauxite about 1 pound per ton, and is found in the carbonatite of Magnet Cove, 
Arkansas. 


FREDERICK Henry LAHEE, Sun Oil Company, Dallas, Texas, has been named 
recipient of the Sidney Powers Memorial Medal of the American Association of 
Petroleum Geologists for “his outstanding achievements in, and continuing contribu- 
tions to the field of petroleum geology as an educator, author, skilled administrator 
and executive, and as a pioneer in the gathering and use of hydrocarbon reserve 
and exploration data.” 


Tue U. S. GrotocicaL Survey has recently completed cooperative studies on 
Lake Hefner, Oklahoma City, Okla., to determine, by four different methods of com- 
putation, the amount of water loss through surface evaporation from large lakes 
and reservoirs. This can be of vital importance in planning storage facilities in 
certain river basins where there is a delicate balance between the amount of water 
available for storage and the evaporation rate. A point can be reached where the 
addition of one or more reservoirs may actually detract from total water savings. 


THE SOUTHEASTERN SECTION OF THE GEOLOGICAL Society OF AMERICA and the 
SOUTHEASTERN MINERAL SyMPOsIUM will hold a joint meeting sponsored by the 
DEPARTMENT OF GEOLOGY, VANDERBILT UNiversity and the TENNESSEE DIVISION 
or GroLocy at the Hermitage Hotel, Nashville, Tennessee, April 2, 3, and 4, 1953. 


J. F. Wotrr, Sr., who, since his retirement as general mining engineer for Oliver 
Iron Mining Division, has acted as engineering consultant for the company, is now 
a private consulting mining engineer and geologist, located in Duluth, Minn. 


Raymonp F. Rosinson, chief geologist for Sunshine Mining Co., Yakima, 
Wash., has resigned to join the U. S. Geological Survey in the Tucson, Ariz., office. 


Brinton C. Brown has left the U. S. Bureau of Mines at Tucson, Ariz., to join 
A. Soriano y Cia., Manilla, P. I., as mining engineer. 


Harry J. Wo tr, consulting mining engineer of New York, N. Y., has been in 
Greece examining nickel and iron ore deposits in Crete, in French Morocco investi- 
gating manganese, and in Portugal examining tungsten and uranium properties. 


Rosert C. STEPHENSON, assistant state geologist of Pennsylvania, has resigned 
to join the mineral division of Woodward and Dickerson, Inc., Philadelphia. 


Ceci Fitcn, Jr., vice-president and general manager, Chief Consoliated Mining 
Co., Eureka, Utah, was elected president of the Utah Mining Association, Salt Lake 
City. 
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THE GEOLOGICAL SocrETy oF AMERICA published the following article in the 
February, 1953, issue of its Bulletin: “Bibliography and Index of Published Litera- 
ture on Uranium and Thorium and Radioactive Occurrences in the United States. 
Part 1: Arizona, Nevada and New Mexico,” by Margaret Cooper of the Division 
of Raw Materials, U. S. Atomic Energy Commission. Since this 38-page bibli- 
ography may prove helpful to both geologists and laymen interested in uranium 
prospecting, the Society has prepared reprints for public sale (25 cents) at The 
Geological Society of America, 419 West 117th Street, New York 27, N. Y. 














